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Abstract 
In hydrocephalic patients, increased cerebrospinal fluid (CSF) volume puts the 
brain tissue under abnormal strain, leading to a degeneration of brain tissue and 
function. Hydrocephalus is usually treated by the surgical placement of a CSF 
shunt, which aims at restoring normal CSF compliance by draining excessive 
fluid. The drainage rate of today’s CSF shunts is regulated by passive differential 
pressure valves. Thus, they work towards a constant pressure difference between 
cranium and peritoneum – the usual drainage site. As intracranial pressure (ICP) 
and intraperitoneal pressure are not normally linked, there are problems with 
over- and also underdrainage, especially related to postural changes. Therefore, 
there has long been the vision of a feedback-controlled active CSF shunt. 
However, we are yet to see such a smart shunt on the market, due to unproven 
feasibility, unclear physiology, and high regulatory burdens. 
To reduce the cost and effort associated with testing new hardware and control 
concepts, a hardware-in-the-loop test bench was implemented that allows for 
fast, cost-effective, and repeatable testing of passive and active CSF shunts 
within an environment that is close to in vivo conditions. On the test bench, the 
shunt to be tested is placed in a dynamic in vitro setup that interfaces with a 
mathematical model of the relevant physiology. The model is evaluated 
numerically in real-time and accounts for posture dependent behavior and 
viscoelastic effects. With this, the test bench allows to investigate how shunts 
interact with CSF dynamics under the complex pressure environment seen due 
to postural changes. 
To investigate how siphoning-induced overdrainage in upright posture can be 
avoided, CSF drainage rates, resulting CSF volume and ICP were determined for 
three different types of anti-siphon devices (ASD) in supine, sitting, and standing 
posture. This comparison study showed that today’s passive ASDs can prevent 
overdrainage. However, they cannot ensure continuous drainage independent of 
posture and intraperitoneal pressure. 
Simulating the shunt’s in vivo environment on the test bench requires a precise 
mathematical model of the relevant physiology and how it changes with posture. 
To explain the changes in the craniospinal CSF volume and compliance 
distribution associated with posture changes, I implemented a lumped-parameter 
Abstract 
xii 
model of the CSF system and the relevant parts of the cardiovascular system. The 
good concordance of this model with clinical observations indicated that jugular 
collapse is a major contributor to CSF dynamic in upright posture. 
Modelling how posture influences CSF dynamics has shown that the pulse 
pressure amplitude (AMP) of the ICP might be a suitable control variable for 
active CSF shunts, because it is theoretically independent of posture. However, 
calculating AMP from ICP recordings in supine and sitting posture has shown a 
significant AMP increase in sitting posture. 
In conclusion, the implementation of a hardware-in-the-loop test bench can 
reduce the development costs of active CSF shunts by enabling realistic testing, 
without the need for in vivo experiments. With this, the test bench may catalyze 
the development of active shunts, which are currently prevented by their 
questionable economic viability. Comparing different shunts has already 
contributed to improving our understanding of the complex interaction of shunt 
and patient. Moreover, AMP, a potential control variable for active CSF shunts, 
was shown to be posture-dependent. But, the derivation of more sophisticated 
mathematical models has improved the understanding of how posture influences 
CSF dynamics. 
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Zusammenfassung 
Bei Hydrozephalus-Patienten ist das Gehirngewebe durch erhöhtes 
Liquorvolumen einer ungewöhnlichen Belastung ausgesetzt. Dies führt zu 
Rückbildungen des Gehirngewebes und dessen Funktion. Hydrozephalus wird 
typischerweise durch Implantation eines „Shunts“ behandelt. Dieser hat die 
Wiederherstellung normaler Liquorcompliance als Ziel, indem er überschüssige 
Flüssigkeit ableitet. Dabei wird die Drainagerate in heutigen Shunts von passiven 
Differenzdruckventilen geregelt. Sie arbeiten auf einen konstanten 
Druckunterschied zwischen Kranium und Peritoneum – wohin üblicherweise 
abgeleitet wird – hin. Da Intrakranial- und Intraperitonealdruck normalerweise 
jedoch nicht gekoppelt sind, entstehen insbesondere im Zusammenhang mit 
Lageänderungen Probleme mit Über- aber auch Unterdrainage. Aus diesem 
Grund gibt es schon lange die Vision eines geregelten, aktiven Shunts. Ein 
solcher ist jedoch noch nicht auf dem Markt verfügbar, da die Machbarkeit noch 
nicht gezeigt wurde, die Physiologie noch unklar ist und es hohe regulatorische 
Anforderungen gibt. 
Um Kosten und Aufwand, die mit dem Testen von neuer Hardware und 
Regelungskonzepten verbunden sind, zu reduzieren, wurde ein Hardware-in-the-
loop-Prüfstand gebaut. Der Prüfstand erlaubt es schnell, kostengünstig und 
wiederholbar passive und aktive Shunts in einer Umgebung zu testen, die die in-
vivo Begebenheiten nachbildet. Auf dem Prüfstand wird der zu testende Shunt 
in einer dynamischen in-vitro-Umgebung platziert, die mit einem 
mathematischen Modell der relevanten Physiologie interagiert. Das Modell wird 
numerisch in Echtzeit ausgewertet und berücksichtigt lageabhängiges Verhalten 
und viskoelastische Effekte. Damit wurden Untersuchungen möglich, wie Shunts 
in der komplexen Druckumgebung, die durch Lageänderungen entsteht, mit der 
Liquordynamik interagieren. 
Um zu untersuchen wie durch den Siphon-Effekt hervorgerufene Überdrainage 
in aufrechter Lage verhindert werden kann, wurden die Drainageraten, das 
resultierende Liquorvolumen und der Intrakranialdruck für drei verschiedene 
Typen von Anti-Siphon-Ventilen im Liegen, Sitzen und Stehen bestimmt. Diese 
Vergleichsstudie zeigte, dass die heutigen passiven Anti-Siphon-Ventile zwar 
die Überdrainage verhindern können, sie können jedoch keine kontinuierliche 
Drainage, unabhängig von Lage und intraperitonealem Druck garantieren. 
Zusammenfassung 
xiv 
Die in-vivo Umgebung des Shunts auf dem Prüfstand zu simulieren erforderte 
ein genaues mathematisches Modell der relevanten Physiologie und deren 
Veränderung mit der Lage des Patienten. Um die mit Lageänderungen 
assoziierten Änderungen in Liquorvolumen und Complianceverteilung zu 
erklären, habe ich ein Netzwerkmodell des Liquorsystems und der relevanten 
Teile des kardiovaskulären Systems mit konzentrierten Parametern 
implementiert. Die gute Übereinstimmung dieses Modells mit klinischen 
Messungen weisst darauf hin, dass das Kollabieren der Jugularvenen ein 
wichtiger Einflussfaktor für die Liquordynamik in aufrechter Lage ist. 
Die Modellierung der Lageeinflüsse auf die Liquordynamik hat gezeigt, dass die 
Pulswellenamplitude im Intrakranialdruck eine geeignete Regelgrösse für aktive 
Shunts sein könnte, da sie theoretisch lageunabhängig ist. Beim Berechnen der 
Pulswellenamplitude von Intrakranialdruckmessungen im Liegen und im Sitzen 
hat sich jedoch gezeigt, dass die Pulswellenamplitude im Sitzen signifikant 
ansteigt. 
Zusammenfassend kann gesagt werden, dass ein Hardware-in-the-loop-
Prüfstand die Entwicklungskosten von aktiven Shunts reduzieren kann, indem er 
realistisches Testen erlaubt, ohne auf Tierversuche zurückgreifen zu müssen. 
Damit könnte der Prüfstand die Entwicklung von aktiven Shunts beschleunigen, 
die zurzeit durch ihre fragliche ökonomische Umsetzbarkeit verhindert werden. 
Schon der Vergleich von verschiedenen Shunts hat zur Verbesserung unseres 
Verständnisses der komplexen Interaktion von Shunt und Patient beigetragen. 
Weiterhin wurde gezeigt, dass die intrakranielle Pulswellenamplitude, die eine 
potentielle Regelgrösse für aktive Shunts ist, lageabhängig ist. Die Herleitung 
eines fortschrittlichen mathematischen Modells hat für ein besseres Verständnis 
der Liquordynamik und deren Beeinflussung durch die Lage des Patienten 
gesorgt. 
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 1 
1 Introduction 
1.1 Physiology of the cerebrospinal fluid circulation 
Cerebrospinal fluid (CSF) surrounds the central nervous system (CNS), that is 
the brain and the spinal cord. It is colorless and is comprised of mostly water. By 
floating within CSF, the brain is protected from mechanical impacts. CSF also 
transports nutrients to the CNS, supports the clearance of metabolic waste 
products, and provides an additional signaling pathway [15]. 
CSF is mainly formed by the choroid plexus through active filtration from 
cerebral arterial blood at a rate of 0.3 – 0.4 mL/min. The choroid plexus is located 
in all four cerebral ventricles. As CSF formation is controlled by epithelial 
membrane-transporters, the rate of formation is relatively insensitive to changes 
in CSF pressure and plasma osmolarity. The total CSF volume is estimated at 90 
– 150 mL in human adults. After circulating from the ventricles into the spinal 
and cranial subarachnoid space, CSF is absorbed through the arachnoid 
granulations into the venous circulation (Figure 1.1, [92]). The rate of this 
passive process is proportional to the pressure gradient between CSF and blood 
pressure in the sagittal sinus. This classical view of CSF formation and 
absorption has recently been challenged by the observation of large water fluxes 
between blood, CSF, and interstitial fluid (ISF), which may represent additional 
modes of CSF formation and absorption. Also, there is evidence for additional 
CSF outflow through the perineural subarachnoid spaces and the perivascular 
spaces into the lymphatic system. [14, 15, 25]. However, the classical bulk flow 
circulation is still the basis for most descriptions of CSF dynamics [25]. 
This bulk flow of CSF from the ventricles to the subarachnoid space is 
superimposed by pulsatile movements between the cranial and the spinal parts of 
the CSF system. The most prominent of these pulsations are synchronous with 
the cardiac cycle and originate from the unsteady movement of arterial blood, 
which is propelled by the beating heart. Arterial blood enters the cranium through 
the internal carotid and the vertebral arteries. As the pulsatile movement of blood 
in these large arteries is damped as the blood vessels get smaller towards the 
capillary bed, the volume of arterial blood within the cranium is pulsatile. Due 
to the rigid skull, it is a common assumption that the overall cranial volume is 
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constant (Monroe Kelly doctrine [54]). Thus, the pulsatile arterial volume must 
be compensated by an outflow of CSF and venous blood. Changes of the 
resulting waveform in the intracranial pressure (ICP) have been associated with 
hydrocephalus [39], because increased intracranial pressure alters intracranial 
compliance and leads to changes in the reflection and transmission of the arterial 
waves. 
More recently, it has been observed in magnet resonance imaging (MRI) studies 
that there are additional pulsations due to respiration [48, 66]. During the 
respiratory cycle, fluctuations of the intrathecal pressure lead to modulated 
venous return. These periodic changes in venous flow and possibly also in 
arterial flow lead to alterations of CSF flow and pressure pulsatility [45]. 
Especially during sleep, these physiologic pulsations of CSF are often 
superimposed by B-waves, which originate from vasogenic activity of cerebral 
Figure 1.1: In the classical view of the cerebrospinal fluid (CSF) circulation, CSF is 
secreted from arterial blood by the choroid plexus, flows through the cerebral ventricles 
into the subarachnoid space and is finally absorbed through the arachnoid granulation into 
the venous blood. Adopted from: [92]. 
1.2.  Normal pressure hydrocephalus 
3 
autoregulation. The appearance of B-waves seems to correlate with reduced 
intracranial compliance, like it is seen in hydrocephalus patients [96, 103]. 
1.2 Normal pressure hydrocephalus 
Normal pressure hydrocephalus is a disease that is characterized by an increased 
volume of CSF. This volume increase originates from a blockage of one of the 
CSF pathways or an impaired CSF absorption [90]. However, especially in the 
elderly population there often is no obvious blockage visible. In these cases, 
termed idiopathic normal pressure hydrocephalus (iNPH), the absorption of CSF 
itself is impaired, which manifests itself in an increased resistance to CSF 
outflow. 
Due to the rigid skull, the additional CSF leads to elevated intracranial pressure 
and pulsatility. Under this pathologic strain, the brain tissue degenerates, leading 
to enlarged cerebral ventricles (ventriculomegaly) and a dysfunction of the brain 
parenchyma. This brain atrophy and dysfunction shows in a triad of symptoms 
(dementia, gait disturbance, and urinary control) [1], which was termed ‘Hakim’s 
triad’. 
The estimated numbers of iNPH patients greatly varies due to inconsistent 
definitions of iNPH and differences in the studied population. Due to the many 
comorbidities of hydrocephalus and the great overlap of its symptoms with 
Alzheimer's disease, it is often misdiagnosed or remains undetected. Therefore, 
reported prevalence rates range from less than 1% up to 5.9% for age 80 years 
and older [91, 108]. 
The diagnostic tools for iNPH range from neurologic examinations, to imaging 
and invasive assessment of CSF dynamics [108]. The neurologic examinations 
focus on gait and cognitive functions. Especially the gait disturbances are 
characteristic and distinguish hydrocephalus from similar diseases of the CNS 
like dementia. On images acquired with computer tomography or MRI, the 
ventricular enlargement is characterized with the Evans index, which is “the ratio 
of the widest frontal horn span to the widest diameter of the brain on the same 
axial image” [108]. However, it is often difficult to distinguish between enlarged 
ventricles due to hydrocephalus and brain atrophy due to dementia. The more 
specific analysis of CSF dynamics aims at predicting the patient’s response to 
shunting by either simulating the shunt with a tap test or by quantifying the 
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patient’s CSF absorption resistance during an infusion test. In a tap test, CSF is 
removed through an external lumbar drainage and the possible improvement is 
reassessed thereafter with a repetition of the neurologic evaluations. During an 
infusion test, the patient’s CSF volume is increased through lumbar infusion of 
artificial CSF. Then, the CSF outflow resistance is determined from the ICP 
increase compared to resting conditions. 
1.3 CSF shunts 
The standard intervention for iNPH patients is the surgical placement of a 
cerebrospinal fluid shunt [108]. CSF shunts drain CSF from the CSF space – in 
most cases from one of the lateral ventricles – to another part of the body, where 
the fluid is absorbed. The most common drainage site is the peritoneal cavity 
[101]. For patients with increased intraperitoneal pressure or other complications 
with ventriculoperitoneal shunts, ventricular atrial shunts are an increasingly 
popular choice, despite the severity of possible complications [76, 109]. 
The main goal of a CSF shunt is to decrease CSF volume. This reduces ICP, its 
pulse pressure amplitude (AMP) and relieves the pathologic strain from the brain 
tissue. Of these variables, ICP is the one most often monitored in clinical practice 
although some authors have suggested that the reduction in AMP is more 
critical [86]. 
The flow rate through these CSF shunts is regulated by differential pressure 
valves. These differential pressure valves allow drainage above their opening 
pressure and stop it below that. The valves used are either ball and cone valves, 
where a spring-loaded ball is pressed into the valve inlet, or valve mechanisms 
based on a silicon membrane (slit valves and diaphragm valves) [7]. 
Although implantable shunts are used since the 1950s the treatment outcome is 
far from satisfactory with almost 50% of the implanted shunts needing revision 
within 2 years [65]. The majority of these failures can be traced back to over- or 
underdrainage, obstructions, and infections [16, 17]. 
Over- and underdrainage mostly occurs because the drainage rate is determined 
by the differential pressure over the valve. The three factors determining this 
differential pressure are ICP, intraperitoneal pressure (IPP), and the hydrostatic 
pressure column in the catheter. However, all three pressures (ICP, IPP, and the 
hydrostatic pressure column) change with posture, creating a complex pressure 
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environment for the shunt to work in (Figure 1.2). Overdrainage especially 
occurs in upright posture, when the hydrostatic pressure in the then vertical 
catheter causes a siphon effect. If not prevented, overdrainage leads to serious 
adverse events, like subdural hematomas or hygroma. 
Anti-siphon devices (ASD) have been developed to counteract the influence of 
posture on drainage rates. ASDs are basically additional valves that aim at 
counteracting the siphoning effect in upright posture by: 
- decreasing the maximum drainage rate by increasing resistance with the 
drainage rate (flow-regulated ASD); 
- increasing the opening pressure in vertical orientation (gravitational 
ASD); or by 
- decoupling the valve opening from IPP and the hydrostatic pressure 
column in the distal pressure (membrane-controlled ASD) 
As the problem of overdrainage in upright posture highlights, ICP and IPP are 
not correlated under physiologic conditions. Therefore, drainage through the 
shunt does not mimic a physiologic process. To counteract this shortcoming and 
to adapt the shunt to pathophysiologic changes, some valves provide the 
possibility to adjust the valve opening pressure transcutaneously with a magnetic 
tool [7]. However, every readjustment requires the patient to visit the physician, 
who must derive the required adjustment from the description of the patient’s 
symptoms and the momentary clinical picture. 
ICP = 10 IPP = 2
IPP = 17
Δp = 8
ICP = −5 Δp = 25
Figure 1.2: The pressure environment of a CSF shunt changes with posture: While 
intracranial pressure (ICP) decreases by 15 mmHg when changing from supine to upright 
posture, intraperitoneal pressure (IPP) increases. These changes compensate part of the 
hydrostatic pressure column in the catheter. However, the differential pressure Δ𝑝𝑝 over 
the shunt valve still increases when sitting up. The pressure values are based on the 
assumptions introduced in Chapter 2.3 and are given in mmHg. 
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1.4 Vision of a smart CSF shunt 
The vision of the SmartShunt project, within which this thesis was written, is a 
smart CSF shunt. By adapting the drainage rate to the physiologic needs of the 
specific patient, such a smart CSF shunt shall mitigate the risks, revision and 
consultations associated with over- and underdrainage. However, such 
physiologic adaptation requires an actively controlled drainage based on 
feedback from integrated sensors. 
Integrating sensors into a CSF shunt would also enable continuously monitoring 
the patient’s pathophysiologic state. This in itself would already be of 
tremendous value for the medical care of iNPH patients. But an active CSF shunt 
would not only be able to improve the drainage control, it would also offer the 
potential to reduce the risk of obstructions, because it would enable simplified 
fluid dynamic valve designs, which are less prone to obstructions. Moreover, 
active flushing or clearing mechanisms would enable the clearance of 
obstructions due to clogging of proteins. 
However, even if a functional active shunt would already be available today, we 
would not know how to use it, because it is still not totally understood how CSF 
shunts interact with CSF dynamics and how the optimal drainage should look 
like. This makes designing appropriate control algorithms difficult. Specifically, 
CSF dynamics are mostly studied in supine position and it is unclear how they 
change with posture [3, 73, 88]. Knowing these physiologic variations, however, 
is crucial when we aim at regulating CSF dynamics with a shunt. Other 
influencing factors that are not well understood yet are the respiration [48, 66] 
and the viscoelastic properties of the CSF system [13]. 
Previous prototypes have used the amplitude and patterns in the pulse pressure 
waveform to control drainage through the shunt. However, both concepts did not 
prove successful in an in vivo experiment [39]. ICP, which is the factor that 
determines drainage through passive shunts, is intrinsically unsuitable to control 
an active shunt, because only absolute pressures can be measured with fully 
implanted pressure sensors. But, the absolute value of ICP not only changes with 
posture, but also with ambient pressure. 
This lack of knowledge also becomes apparent when comparing how the 
different shunt models on the market deal with the postural changes of the 
pressure environment. By studying the different functional principles of ASDs, I 
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aimed at investigating how current shunts deal with the problem of siphoning in 
upright posture and how they interact with CSF dynamics. The results should 
give an idea of the acceptable deviations of the drainage and might help for the 
decision about the active shunt hardware design. 
1.5 Hardware-in-the-loop testing 
The development of a novel drainage system is currently prevented by unclear 
technical feasibility and economic viability as well as high regulatory burdens 
[72]. To lower these barriers, I aimed at building an in vitro test bench that would 
allow to develop a smart hydrocephalus shunt and proof its technical feasibility 
without the need for excessive animal experiments and clinical trials. Replacing 
the time and cost intensive in vivo trials with in vitro testing until the final stages 
of the product development process will allow investigating a larger range of 
smart shunt concepts and ultimately increasing the chance of seeing a functional 
smart shunt in clinical practice. 
To achieve this goal, the test bench should allow to: 
1. test the shunt within a realistic operating environment; 
2. replicate the shunt-patient interaction even under postural changes; and 
3. quantify its effect on the pathophysiology of the patient. 
A concept well suited for realizing such an interacting test bench is hardware-in-
the-loop testing. Hardware-in-the-loop testing is a testing procedure, where the 
regular environment of the tested device is simulated in software. This simulation 
of the device environment is interactive as it changes with the actions of the 
tested device. This idea originated from the automotive industry, where engine 
components and control algorithms are developed and tested on stationary test 
benches, which emulate the vehicle and its driving environment based on the 
torque produced by the engine. 
However, building such a hardware-in-the-loop test bench requires: 
1. a profound knowledge of the tested device’s environment in the form of 
a dynamic mathematical model in order to simulate the interaction of 
device and environment; and  
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2. an interface between simulation and tested device that is capable of 
dynamically realizing the simulated device’s environment and 
measuring the output of the tested device. 
In the case of a CSF shunt, the tested device’s environment is determined by the 
pathophysiology of a simulated patient (Figure 1.3). Thus, a mathematical model 
of CSF dynamics is required, which can reproduce the relevant situations seen in 
a shunted patient. Due to the problems of current shunts with over- and 
underdrainage, this especially includes postural changes. Other challenges are 
the precise and dynamic application of the simulated values of ICP and IPP to 
the shunt and the realistic replication of the shunt’s ambient conditions. 
1.6 Modelling CSF dynamics 
The relationship between CSF volume and ICP is a non-linear function with two 
plateaus that correspond to arterial and venous pressure, respectively [19, 98]. In 
physiologic conditions, resting ICP is slightly higher than cerebral venous 
pressure. However, while this pressure-volume relationship is well known 
ICP, IPP
Qshunt
posture
activity
VCSF
temperature
amb. pressure
Figure 1.3: The function of a CSF shunt is determined by its distal and its proximal 
pressure (intracranial pressure (ICP) and intraperitoneal pressure (IPP), respectively), by 
its orientation, and ambient conditions like temperature, pressure, and humidity. ICP, 
IPP, and orientation of the shunt are, in turn, determined by the activity (e.g. posture) of 
the simulated patient and by the function of the shunt itself, i.e. the drainage rate 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢. 
The improvement of the simulated patient can be quantified through the resulting change 
in CSF volume 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 . 
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around and above resting pressure, there is little data for how ICP changes if CSF 
volume is decreased, e.g. due to a CSF shunt. The only published measurements 
of larger volume variations originate from experiments with dogs [70, 100]. 
The physiologic range of the pressure-volume relationship is typically described 
by a mono-exponential function [8, 24, 25, 74]. However, this model implies 
infinite compliance for low ICP and it does not explain the low values of ICP 
that are observed following overdrainage [33]. Therefore, a double-exponential 
function was suggested by Drake et al. [33]. This double-exponential description 
implies increasing ICP pulsatility for decreased CSF volume, which contradicts 
the concept of optimal pressure. The concept of optimal pressure says that pulse 
pressure amplitude remains constant below a certain ICP value, which is termed 
optimal pressure [25, 26, 86]. However, these studies only looked at small 
decreases of CSF volume and the data presented by [26] even indicates 
increasing AMP for larger decreases of CSF volume. 
All these models of the pressure-volume relationship are empirical fits of 
measurement data. Therefore, the fitted parameters have no direct correlation to 
physical parameters. But, due to the extensive use of the mono-exponential 
model in clinical practice, its parameters are well known. 
CSF dynamics are modelled by combing this mono-exponential pressure-volume 
relationship with the assumption of constant CSF formation rate and constant 
resistance to CSF outflow. This model is usually denoted as Marmarou’s 
model [8, 24, 25, 75]. It is also widely used in clinical practice as its parameters 
– especially the resistance to CSF outflow – are used to quantify the remaining 
absorption capacity of hydrocephalus patients. Over the years, also more 
sophisticated models have been suggested [105]. But, all currently known 
dynamic models assume that the patient is in supine position. Making this 
assumption for the model used with the test bench would prevent testing shunts 
under postural changes. However, as posture is one of the main reasons for over- 
and underdrainage, this would be a major limitation. 
Only recently, studies have quantified the changes as a function of upper body 
tilt in steady state conditions [81, 88]. However, for the hardware-in-the-loop test 
bench, the integration into a dynamic model is required to mimic the shunt-
patient interaction. 
Advancing the mathematical modelling of CSF pathophysiology also improves 
the understanding of its causalities, which is essential for the controller design of 
Chapter 1 – Introduction 
10 
an active CSF shunt and it may lead to new treatment concepts. Therefore, I 
aimed to derive a mathematical model of CSF dynamics under postural changes 
by integrating the model presented by Qvarlander et al. [88] into a model of CSF 
dynamics. 
1.7 Thesis overview 
The thesis is structured as follows: 
Chapter 2 describes the concept and the technical details of the hardware-in-the-
loop test bench [50, 51]. It also includes some pilot experiments that demonstrate 
how the test bench can be used to study the shunt-patient interaction under 
postural changes. 
Chapter 3 describes a comparison of the functional principles of state-of-the-art 
ASDs [49]. This comparison was conducted on the hardware-in-the-loop test 
bench. The results show how the different devices influence CSF dynamics. 
Chapter 4 describes a simple mathematical model of the CSF system and the 
adjacent vasculature [52]. The model answers the question whether jugular 
collapse in upright posture is responsible for the changes in compliance 
distribution and CSF flows previously observed in vivo. 
Chapter 5 investigates AMP as an estimator for CSF volume and with this, its 
potential as the control variable for active CSF shunts. The investigation includes 
a comparison of two AMP estimation methods, a theoretical sensitivity analysis 
and an analysis of the required sampling rate and the influence of posture on ICP 
and AMP. 
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2 Hardware-in-the-loop test bench 
The content of this chapter is completely taken from [51]: 
Gehlen M, Kurtcuoglu V, Schmid Daners M. Patient specific hardware-in-the-
loop testing of cerebrospinal fluid shunt systems. IEEE Trans Biomed Eng, 
2016;63(2):348–358. © 2016 IEEE. 
2.1 Abstract 
Goal 
The development of increasingly sophisticated cerebrospinal fluid (CSF) shunts 
calls for test beds that can reproduce an ever-larger range of physiologic and 
pathophysiologic behaviors. In particular, upcoming smart and active devices 
will require extensive testing under complex dynamic conditions. Herein, we 
describe a test bed that allows for fast, cost-effective and realistic in vitro testing 
of active and passive, gravitational and non-gravitational CSF shunts based on 
the hardware-in-the-loop principle. 
Methods 
The shunt to be tested is placed in a dynamic in vitro setup that interfaces with a 
mathematical model of the patient’s relevant physiology, which is evaluated 
numerically in real-time. The model parameters can be identified using standard 
clinical tests. The test bed accounts for posture dependent behavior and 
viscoelastic effects. 
Results 
Simulations of infusion tests, of intracranial pressure modulation by 
cardiovascular action, and of the effects of postural changes show good 
agreement with published results. Evaluation of valves without and with 
gravitational units show in modeled sitting patients the expected behavior of 
overdrainage and avoidance thereof, respectively. Finally, a 24-hour test cycle 
based on recorded patient data elucidates the interaction between patient and 
shunt system expressed by drainage rate and intracranial pressure during typical 
daily activities. 
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Conclusion 
We envision this test bed as a tool to quantify a shunt’s performance within a 
realistic yet reproducible testing environment. 
Significance 
The test bed can improve our understanding of the complex interaction between 
patient and shunt system and may catalyze the development of active shunts, 
while reducing the number of necessary in vivo experiments. 
2.2 Introduction 
In our current, evolving understanding, “hydrocephalus is an active distension of 
the ventricular system of the brain related to inadequate passage of CSF from its 
point of production within the ventricular system to its point of absorption into 
the systemic circulation” [90]. While this distension leads to elevated intracranial 
pressure (ICP) and a deformation of the brain parenchyma in the short term, it 
can cause a degeneration of this tissue in the long term. The accompanying 
symptoms range from headaches to dementia, gait disturbance, and urinary 
incontinence [1]. Hydrocephalus is usually treated by diverting CSF from the 
cerebral ventricles through a shunt into the peritoneal space. Although 
implantable ventriculoperitoneal shunts have been used since the 1960s [7], the 
overall failure rate is still high (38% after 1 year and 48% after 2 years [65]). The 
most common modes of failure are over or underdrainage, obstruction, and 
infection [16, 17]. 
To prevent siphoning-induced overdrainage in upright postures, shunt valves can 
be complemented by gravitational units, anti-siphon devices, and adjustable 
mechanisms [7], which lead to increasingly complex shunt systems. This 
unsatisfactory situation has led to the vision of an active and smart shunt that 
could overcome the drawbacks of current systems through continuous 
monitoring of the patient using integrated sensors and feedback controlled 
drainage [72]. 
For the existing passive shunts, a large number of in vitro studies has already 
been performed to analyze their fluid dynamic properties, the effect of ICP 
pulsations and posture on these properties, and long-term stability [6, 27, 29-31, 
36, 46]. In these studies, the intracranial and peritoneal pressures were assumed 
to be independent of CSF drainage. Yet in reality, drainage does decrease mean 
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ICP, in general also ventricular volume, and may in addition influence the 
amplitude of ICP pulsations [35, 82]. These effects have been demonstrated in 
other setups that replicated parts of the patient’s CSF system in vitro [12, 56, 57, 
93, 94]. 
For the envisioned active valves, this interdependence of valve and patient 
becomes even more pronounced: The shunt does not only influence the patient, 
but also adapts to the measured state of the patient. Up to now, analysis of this 
interdependence required in vivo experiments or was performed entirely in 
silico [37]. The former is closest to the clinical application, but is expensive, 
time-consuming, and raises ethical concerns. For these reasons, in vivo 
experiments are hardly used during the early development phases of new shunts. 
The latter approach is fast and cost-effective, but the behavior of the shunt has to 
be known precisely. Thus, numerical simulations are a good tool for developing 
concepts for new shunts, but in vitro or in vivo testing is still necessary for the 
hardware development. 
Here we propose to combine an in vitro setup with mathematical modeling of the 
patient’s relevant physiology to a hybrid test bed. This concept is referred to as 
hardware-in-the-loop (HIL) testing. It is commonly used during the development 
of embedded systems [42] and combustion engines [63]. The method has also 
been applied successfully in the evaluation of ventricular assist devices [79]. 
Applied to the shunt test bed, the HIL concept implies that: 1) the patient’s 
relevant physiology is replicated in real-time by a mathematical model; 2) the 
relevant simulated pressures for a ventriculoperitoneal CSF shunt (intracranial 
pressure (ICP) and intraperitoneal pressure (IPP)) are applied to the proximal and 
the distal ends of the drainage catheter; and 3) the drainage rate of CSF is 
measured and fed back to the in silico simulation in real-time. 
In principle, any viable mathematical model of the patients physiology that yields 
the two necessary pressure signals as a function of the continuous measurement 
of the CSF drainage rate could be implemented. However, the necessity to 
interact with the hardware in real-time currently precludes complex 
computational fluid dynamics (CFD) simulations that can model the CSF 
dynamics in detail [95]. Thus, lumped parameter models are best suited. In 1973, 
Marmarou [75] published a lumped parameter model of the CSF dynamics 
whose parameters are even used to characterize hydrocephalus [24]. Today, there 
are a number of ICP models that build upon the exponential function of this 
model that describes the pressure dependence of the compliance and extend it to 
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capture also other characteristics of the CSF system [105]. While the model of 
Marmarou describes the absolute compliance of the CSF system, which is 
defined relative to the ambient pressure, explicit modeling of the membranes 
between adjacent fluid compartments led to the concept of local 
compliances [98]. Some models are even representations of the whole body and 
include detailed descriptions of the cardiovascular system and its regulatory 
mechanisms [67]. However, most of these models assume that the patient is in 
supine position. To predict ICP of mobile patients, it is necessary to incorporate 
its posture dependence [88]. 
In the following, we describe a HIL test bed and investigate its suitability for 
analyzing the interdependence of shunt and patient dynamics and evaluating the 
performance of passive and active shunts during daily life situations including 
posture changes. The resulting drainage rates and ICPs are compared to a 
reference simulation without shunt and clinical results reported in literature. 
2.3 Methods and Materials 
2.3.1 General Concept 
The test bed consists of an in vitro and an in silico domain (Figure 2.1). Pressure 
interfaces link these two domains by applying simulated ICP and IPP to the 
respective ends of the catheter. A posture mechanism moves the shunt according 
to the current posture of the mimicked patient. The feedback loop is closed 
through a flow probe that measures the flow rate through the shunt and feeds this 
signal back into the patient simulation in real-time. 
The patient model, all controllers and the data aquisition simultaneously run in a 
Real-Time Windows Target environment on a Windows 7 PC equipped with two 
data acquisition boards (MF634 and MF624 I/O cards, Humusoft s.r.o., Prague, 
Czech Republic). The code for the real-time environment is compiled from 
MATLAB/Simulink using an implicit fixed-step solver (ode14x) with a step size 
of 1 ms. This leads to a sampling rate of 1 kHz for all analog control and 
measured signals from and to the PC, while the drainage rate 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢 is transmitted 
through a digital connection and sampled at 100 Hz. 
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2.3.2 Hardware-Software Interfaces 
1) Intracranial and Intraperitoneal Pressure Interfaces: 
The pressures at the proximal and the distal ends of the catheter are applied 
through two pressure controlled fluid reservoirs (Figure 2.2), each consisting of 
a rigid reservoir (polymethyl methacrylate) and a bellows (polytetrafluorethylene 
bellows, ElringKlinger Kunststofftechnik GmbH, Bietigheim- Bissingen, 
Germany) that is compressible in vertical direction [93]. The pressure in the 
reservoirs is controlled by varying the force applied to the bellows. The force is 
generated by a linear circular voice coil actuator (LVCM-051-064-01, MotiCont, 
Van Nuys, USA), which is powered by a 4-quadrant servo amplifier (ADS 50/10 
4-Q-DC, Maxon Motor AG, Sachseln, Switzerland), and transferred through an 
Figure 2.2: Schematic drawing of the pressure interfaces that apply ICP and IPP calculated 
by the patient simulation to the respective ends of the catheter. In Figure 2.1 and 
Figure 2.3, they are identified as ICP and IPP interface, respectively. The reservoirs are 
pressurized by a voice coil actuator and feedback controlled through a ceramic pressure 
transducer. A distance sensor provides information on the fluid volume in the CSF 
reservoir. 
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air bearing (Air Bushing, New Way Air Bearings Inc.) supported shaft. This low 
friction actuation allows a resolution of 0.01 mmHg in the applied reservoir 
pressure. The reservoir pressure is measured by a piezo-resistive pressure sensor 
(PR- 41X, Keller AG, Winterthur, Switzerland) with an accuracy of 0.1 mmHg 
and a resolution of 0.01 mmHg. The reservoir volume is computed from a laser-
based measurement of the bellows position (optoNCDT 1700, Micro-Epsilon, 
Ortenburg, Germany). This volume information is used to regulate the 
recirculation of the test medium, which enables, in principle, infinite experiment 
duration. It further allows verification of the flow measurement. 
Table 2.1: Constant parameters of test bed and patient model 
Name Value Unit Source 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓  0.35 mL/min [13, 23, 25, 98] 𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 (physiologic) 8.57 mmHg/(mL/min) [13, 25] 𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 (pathologic) 37.14 mmHg/(mL/min)  𝐸𝐸𝐶𝐶𝑉𝑉 = 𝐸𝐸𝐵𝐵𝑉𝑉 = 𝐸𝐸𝑀𝑀   0.1 1/mL [13, 25, 93] 𝑝𝑝0,𝐶𝐶𝑉𝑉 = 𝑝𝑝0,𝐵𝐵𝑉𝑉 = 𝑝𝑝?̅?𝑣  7 mmHg [13] 𝑝𝑝1,𝐶𝐶𝑉𝑉 = 𝑝𝑝1,𝐵𝐵𝑉𝑉 = 𝑝𝑝𝑏𝑏𝑀𝑀   10 mmHg [13, 93, 98] 𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻   7 mmHg [88] 𝑘𝑘𝐵𝐵𝑉𝑉   0.35   𝑘𝑘𝐶𝐶𝑉𝑉 = 1 − 𝑘𝑘𝐵𝐵𝑉𝑉   0.65   𝑅𝑅𝐶𝐶𝐵𝐵  1 mmHg/(mL/min)  Δℎ𝐻𝐻𝐻𝐻𝐻𝐻   33.8 cm [88] Δℎ𝑗𝑗𝑗𝑗𝑔𝑔  11.0 cm [88] 𝑙𝑙1  47.6 cm [102] 𝑙𝑙2  16.5 cm [102] 
 
2) Posture Mechanism: 
The patient’s posture is simulated by moving the shunt and the aforementioned 
pressure interfaces with the mechanism shown in Figure 2.3. The mechanism has 
two degrees of freedom that replicate rotational movements of the torso (𝛼𝛼1) and 
the head and neck (𝛼𝛼2). The beam lengths 𝑙𝑙1 and 𝑙𝑙2 are listed in Table 2.1, where 𝑙𝑙1 is the distance between waist and shoulder and 𝑙𝑙2 between shoulder and eye  
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height, which is close to the height of the external auditory canal usually used as 
the reference position for ICP measurements. Both values are based on [102] and 
correspond to the dimensions of a 50th-percentile 40-year-old American male. 
However, these lengths can be easily adapted to specific patients. The necessary 
torques to manipulate 𝛼𝛼1 and 𝛼𝛼2 are provided by two DC motors with planetary 
gearhead and integrated Encoder (RE 50, G52C 1:113, and HEDS 5540, Maxon 
Motors AG). These driving units are powered by 4-quadrant servo amplifiers 
(ESCON 50/5, Maxon Motors AG). 
3) Flow Probe: 
The flow through the shunt is measured using a thermal MEMS sensor (SLI-
2000, Sensirion AG, Staefa, Switzerland) with negligible hydrodynamic 
resistance (< 0.05 mmHg). The measurement signal is fed back to the patient 
simulation through an RS-232 connection at 100 Hz sampling rate. 
2.3.3 Patient Simulation 
Figure 2.4 outlines the lumped parameter model used in the following 
experiments. It is based on a four-compartment model developed by Stevens and 
Lakin [98], but modified and extended to include posture dependence, ICP 
pulsations, and visco-elastic effects. 
1) Structure: 
Four fluid filled compartments - denoted F, B, A, and V - are used to model the 
patient’s relevant physiology. Compartment F is the central CSF compartment 
that includes the ventricular system, the choroid plexus and the cranial and spinal 
subarachnoid space. This implicitly assumes equal pressure across the fluid 
spaces that are lumped into Compartment F. All viscoelastic effects within the 
craniospinal space are lumped into Compartment B (mainly brain tissue) that is 
connected to the main CSF space (F) through the constant resistance 𝑅𝑅𝐶𝐶𝑉𝑉 . The 
cerebral arteries and the cerebral and spinal veins are represented by the 
compartments A and V, respectively. The dynamics in each of these 
compartments are governed by a volume balance of all inflowing and outflowing 
volume flows 𝑄𝑄 and an additional algebraic equation that links the fluid volume 𝑉𝑉  in the compartment to the fluid pressure 𝑝𝑝: 
𝑑𝑑𝑑𝑑𝑢𝑢 𝑉𝑉𝑖𝑖(𝑢𝑢) = − ∑ 𝑄𝑄𝑖𝑖𝑗𝑗�𝑝𝑝𝑖𝑖(𝑢𝑢), 𝑝𝑝𝑗𝑗(𝑢𝑢), 𝑢𝑢�𝑗𝑗  (2.1) 
𝑉𝑉𝑖𝑖(𝑢𝑢) = ∑ Δ𝑉𝑉𝑖𝑖𝑗𝑗�𝑝𝑝𝑖𝑖(𝑢𝑢), 𝑝𝑝𝑗𝑗(𝑢𝑢), 𝑢𝑢�𝑗𝑗 , (2.2) 
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where 𝑢𝑢 is time, 𝑖𝑖 and 𝑗𝑗 are indices referring to two interconnected compartments. 
The compliance function Δ𝑉𝑉𝑖𝑖𝑗𝑗(⋅) describes the amount by which the volume of 
compartment 𝑖𝑖 is increased and the one of compartment 𝑗𝑗 is decreased or vice 
versa due to the pressure-dependent deformation of the boundary that separates 
the two fluid compartments 𝑖𝑖 and 𝑗𝑗 [98]. In contrast to the commonly used 
pressure based description, this volume based representation allows time-varying 
compliances and is more intuitive [104]. However, it turns the system of 
otherwise ordinary differential equations into a system of differential algebraic 
equations that is not guaranteed to be solvable in real-time. 
Figure 2.4: Lumped parameter model that is used to simulate the relevant ICP dynamics 
(Figure 2.1), which include the ventricular system and spinal canal (F), the brain tissue 
(B), the cerebral arteries (A), and the spinal and cerebral veins (V). Volume flows are 
denoted with 𝑄𝑄𝑖𝑖 and arrows indicate their usual direction. Wavy lines depict compliant 
vessel walls. Arterial inflow 𝑄𝑄𝑎𝑎𝑟𝑟𝑢𝑢𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑙𝑙, venous pressure 𝑝𝑝𝑉𝑉  , and the drainage rate Qshunt 
as measured by the flow probe are inputs to this lumped parameter model. The main 
output is the CSF pressure 𝑝𝑝𝐶𝐶  in Compartment F that is used as the ICP set value in the 
ICP interface. 
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2) Compliance: 
The global relationship between ICP and CSF volume is typically described by 
Marmarou’s model [25, 75]: 
𝑝𝑝𝐻𝐻𝐶𝐶𝑀𝑀 = 𝑝𝑝𝑏𝑏𝑀𝑀 ⋅ 𝑎𝑎𝐸𝐸𝑀𝑀 ⋅Δ𝑉𝑉 𝑀𝑀  (2.3) 
which expresses ICP 𝑝𝑝𝐻𝐻𝐶𝐶𝑀𝑀  relative to ambient pressure as an exponential function 
of the added CSF volume 𝑉𝑉 𝑀𝑀 , baseline pressure 𝑝𝑝𝑏𝑏𝑀𝑀 , and the brain elastance 
coefficient 𝐸𝐸𝑀𝑀  (Table 2.1). The local compliance functions 𝑉𝑉𝑖𝑖𝑗𝑗(⋅) introduced in 
Eq. 2.2 are chosen such that for slow volume changes (𝑝𝑝𝐶𝐶 (𝑢𝑢) ≈ 𝑝𝑝𝐵𝐵(𝑢𝑢)) and 𝑝𝑝𝐶𝐶 (𝑢𝑢) ≥𝑝𝑝𝑉𝑉 (𝑢𝑢) the global pressure-volume relationship of the patient model is equivalent 
to the original Marmarou model (Figure 2.5): 
Figure 2.5: Pressure-volume relationship of the patient model in steady state – implying 
equal pressures in Compartments B and F (𝑝𝑝𝐵𝐵 = 𝑝𝑝𝐶𝐶 ) – and for the cerebral venous 
pressure 𝑝𝑝𝑉𝑉 = 7 mmHg with respect to the total change in CSF volume (Δ𝑉𝑉𝐶𝐶𝑉𝑉 + Δ𝑉𝑉𝐵𝐵𝑉𝑉 ). 
As a reference, the exponential compliance curve of Marmarou’s model (3) is plotted for 
baseline pressure 𝑝𝑝𝑏𝑏𝑀𝑀 = 10 mmHg and brain elastance coefficient 𝐸𝐸𝑀𝑀 = 0.1 1/mL, which 
are typical parameters for a healthy subject [13]. 
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Δ𝑉𝑉𝑖𝑖𝑗𝑗(𝑢𝑢) =
⎩⎪⎪
⎨⎪⎪
⎧𝑘𝑘𝑖𝑖𝑗𝑗𝐸𝐸𝑖𝑖𝑗𝑗 ⋅ ln
𝑝𝑝𝑖𝑖(𝑢𝑢) − 𝑝𝑝𝑗𝑗(𝑢𝑢) + 𝑝𝑝0,𝑖𝑖𝑗𝑗𝑝𝑝1,𝑖𝑖𝑗𝑗 ,  for 𝑝𝑝𝑖𝑖(𝑢𝑢) ≥ 𝑝𝑝𝑗𝑗(𝑢𝑢)𝑘𝑘𝑖𝑖𝑗𝑗𝐸𝐸𝑖𝑖𝑗𝑗 ⋅ �2 ln
𝑝𝑝0,𝑖𝑖𝑗𝑗𝑝𝑝1,𝑖𝑖𝑗𝑗 − ln
𝑝𝑝𝑗𝑗(𝑢𝑢) − 𝑝𝑝𝑖𝑖(𝑢𝑢) + 𝑝𝑝0,𝑖𝑖𝑗𝑗𝑝𝑝1,𝑖𝑖𝑗𝑗 � , for 𝑝𝑝𝑖𝑖(𝑢𝑢) < 𝑝𝑝𝑗𝑗(𝑢𝑢)
 
 (2.4) 
for the parameters listed in Table 2.1. The resulting pressure-volume relationship 
is inverted for reversed pressure gradients (Figure 2.5). A similar S-shape of this 
global pressure-volume relationship was observed in vivo [70, 100] and it can 
explain negative ICP as it occurs following excessive drainage [33, 98]. 
3) CSF Formation and Absorption: 
The overall rate of CSF formation 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 is assumed constant [23, 25, 99]. While 
the relative contribution of the different sites of CSF absorption are still being 
researched, it appears clear that the arachnoid granulations are a major pathway; 
the overall outflow is thus positive and depends linearly on the hydrostatic 
pressure gradient [23, 25]: 
𝑄𝑄𝑎𝑎𝑏𝑏𝑎𝑎 = �
𝑝𝑝𝐶𝐶 −𝑝𝑝𝑉𝑉𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 ,  for 𝑝𝑝𝐶𝐶 ≥ 𝑝𝑝𝑉𝑉0,  for 𝑝𝑝𝐶𝐶 < 𝑝𝑝𝑉𝑉  (2.5) 
In case of shunting, an additional CSF flow 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢 is diverted from compartment 
F. 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢 is an input to the mathematical model and its actual value originates 
from the flow probe, which measures the flow rate through the tested shunt in 
vitro (Figure 2.1). 
4) Brain Compartment: 
From an anatomical point of view, the compartment B represents the brain tissue 
and peripheral parts of the CSF system. It allows for modeling of the viscoelastic 
response that is e.g. observed during bolus infusions [13]. The effects that may 
be responsible for this behavior entail limited wave propagation speeds between 
distant locations of the CSF space [9], fluid exchange between CSF and 
interstitial fluid [15], and the viscoelastic mechanical response of the brain tissue 
[41, 68]. For a simplified model with constant compliances, it can be shown that 
with 𝑅𝑅𝐶𝐶𝐵𝐵 = 1 mmHg/(mL/min) and 𝑘𝑘𝐵𝐵𝑉𝑉 = 0.35 this lumped compartment 
approach is equivalent to the model of Bottan et. al. [13] (Figure 2.6). Their 
model is an extended version of Marmarou’s model that uses a Prony series to 
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map the viscoelastic effects and showed good accordance with measured 
infusion tests. 
5) Cardiovascular System and Posture: 
While the cardiovascular system greatly influences the intracranial dynamics, the 
blood flows are hardly altered by the CSF production or absorption due to the in 
comparison negligible flow rates. Therefore, the arterial inflow is a given input 
to the system and any theoretical or measured flow function can be applied. Since 
pulsations in the intracranial fluid system, which are introduced through the 
cardiac action, play an important role in the distribution of CSF and, more 
importantly, can alter the drainage rates through the shunt [27], we use a periodic 
pulsating arterial flow function for 𝑄𝑄𝑎𝑎𝑟𝑟𝑢𝑢𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑙𝑙. The values of this function are based 
on phase contrast magnetic resonance imaging of the internal carotid artery in 94 
elderly patients (68 ± 8 years of age) [60]. Compared to the pulsatile flow 
component of arteries, pulsatility of capillary vessels is small. The blood flow 
Figure 2.6: Simulated response of pressures 𝑝𝑝𝐶𝐶  and 𝑝𝑝𝐵𝐵 in the compartments F and B, 
respectively, to infusions into compartment F. The results are compared to the ICPs 𝑝𝑝𝐻𝐻𝐶𝐶𝑀𝑀  
and 𝑝𝑝𝐻𝐻𝐶𝐶𝐻𝐻  calculated with Marmarou’s model [75] and the viscoelastic model introduced by 
Bottan et. al. [13], respectively. (a) Continuous flow infusion (constant infusion rate of 
1.5 mL/min between 𝑢𝑢 = 0 and 30 min). (b) Bolus infusion (infusion of 10 mL between 𝑢𝑢 = 0 and 0.1 min). 
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through the capillaries 𝑄𝑄𝑐𝑐𝑎𝑎𝑝𝑝 is thus assumed to be non-pulsatile. Its value is given 
by the volume balance: 
𝑄𝑄𝑐𝑐𝑎𝑎𝑝𝑝  =  ?̅?𝑄𝑎𝑎𝑟𝑟𝑢𝑢𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑙𝑙 − 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 (2.6) 
where ?̅?𝑄𝑎𝑎𝑟𝑟𝑢𝑢𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑙𝑙 is the mean arterial flow over one cardiac cycle and 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 is the 
constant rate of CSF formation. Therefore, the volume of the blood in 
compartment A is modeled independent of any pressure. Since the cerebral artery 
pressure 𝑝𝑝𝐴𝐴 is much higher than the pressures 𝑝𝑝𝐶𝐶  and 𝑝𝑝𝐵𝐵 in the compartments F 
and B at all times, one can assume a constant ratio between Δ𝑉𝑉𝐴𝐴𝐵𝐵 and Δ𝑉𝑉𝐴𝐴𝐶𝐶 , 
which then simplifies the patient model to a system of ordinary differential 
equations. Further assuming that the ratio of arterial to venous blood vessels is 
the same at the boundaries of the compartments F and B leads to 
Δ𝑉𝑉𝐴𝐴𝐵𝐵(𝑢𝑢)/Δ𝑉𝑉𝐴𝐴𝐶𝐶 (𝑢𝑢) = 𝑘𝑘𝐵𝐵𝑉𝑉 /𝑘𝑘𝐶𝐶𝑉𝑉  (2.7) 
On the venous side, the system boundary is defined by a non-pulsatile venous 
pressure, which depends on the patient’s posture. This posture dependence is 
implemented using the concept of a hydrostatic indifference point in the venous 
system and taking collapsible jugular veins into account when calculating the 
hydrostatic pressure component of the cerebral venous pressure 𝑝𝑝𝑉𝑉  [88]: 
𝑝𝑝𝑉𝑉 = �𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻 − Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻 ,  for 𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻 ≥ Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻 − Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔−Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔,  for 𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻 < Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻 − Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔 (2.8) 
where 𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻  is the pressure in the hydrostatic indifference point (HIP) of the 
venous system, Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻  the hydrostatic pressure difference in blood between the 
lateral ventricles and the HIP, and Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔 between the lateral ventricles and the 
jugular veins. In the HIL setup, Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻  and Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔 are functions of the angles 𝛼𝛼1 
and 𝛼𝛼2: 
Δ𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻 = 𝜌𝜌 ⋅ 𝑔𝑔 ⋅ (𝑙𝑙2 ⋅ sin 𝛼𝛼2 + (Δℎ𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑙𝑙2) ⋅ sin 𝛼𝛼1) (2.9) 
Δ𝑝𝑝𝑗𝑗𝑗𝑗𝑔𝑔 = 𝜌𝜌 ⋅ 𝑔𝑔 ⋅ Δℎ𝑗𝑗𝑗𝑗𝑔𝑔 ⋅ sin 𝛼𝛼2 (2.10) 
Due to the concept of local compliances, the posture dependent cerebral venous 
pressure 𝑝𝑝𝑉𝑉  has an immediate effect on the pressures in the adjacent 
compartments 𝑝𝑝𝐶𝐶  and 𝑝𝑝𝐵𝐵. 
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2.3.4 Shunt 
In principle, any CSF shunt can be tested with the presented test bed. For the 
purpose of analyzing and validating the HIL setup, three identical ball and cone 
valves (miniNAV, Christoph Miethke GmbH & Co. KG, Potsdam, Germany) 
with 7.4 mmHg (10 cmH2O) opening pressure are used. In the following, the 
three valves will be denoted as Valve No. 1, 2, and 3. In one experiment, Valve 
No. 1 is complemented by a gravitational unit (proSA, Christoph Miethke GmbH 
& Co. KG, Potsdam, Germany) that has 0 mmHg opening pressure in horizontal 
orientation and is set to 14.7 mmHg (20 cmH2O) opening pressure in upright 
orientation. The valve and, if used, the gravitational unit are connected to the 
pressure interfaces through catheters with 1.2 mm inner diameter. The catheter 
lengths from the ICP interface to the valve and from the valve to the IPP interface 
are 20 cm and 84 cm, respectively. 
2.3.5 Test Medium and Ambient Conditions 
The test medium, which imitates CSF, is deionized and deaerated water. The 
valve and both catheters are submerged in a water bath filled with the same 
medium (Figure 2.3). The entire in vitro setup is enclosed within an incubator 
kept at 37 ± 1 °C, which equals the tissue temperature at the typical implantation 
site of the valve and fulfills the requirements mandated by the standards BS EN 
ISO 7197:2009 and ASTM F647-94(2006). This is done through two feedback 
controlled fan heaters (HGL 046 - 400W, Stego Elektrotechnik GmbH, 
Germany). Continuous temperature measurements are taken using 10 kOhm 
NTC Thermistors (BetaCurve Interchangeable Thermistor, BetaTHERM 
Sensors, Galway, Ireland) at 5 locations: 1) in the ICP reservoir; 2) in the IPP 
reservoir; 3) in the water bath next to the valve; 4) in the air inside the incubator; 
and 5) in the ambient air outside of the incubator. 
2.3.6 Experiments 
Initial three sets of experiments were performed to validate the proposed shunt 
test bed, to analyze the interaction between shunt and patient, and to study how 
this interaction is changed upon inclusion of a gravitational unit. This was 
examined in a synthetic situation where overdrainage would occur in vivo, as 
well as during a 24-hour period that resembles a typical day of a patient. 
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Experiment 1 (Shunt Characteristic) 
The shunts’ pressure-flow characteristics during opening and closing of the valve 
were determined by measuring the flow through the shunt while linearly 
increasing the pressure difference between the proximal and the distal ends of 
the catheter from 0 to 30 mmHg within 2 mins, and then linearly decreasing it 
back to 0 mmHg at the same rate. The experiment was performed twice before 
and twice after each of the other experiments: once with the postural mechanism 
in horizontal position (𝛼𝛼1 = 𝛼𝛼2 = 0°) and once in upright position (𝛼𝛼1 = 𝛼𝛼2 =90°). While ICP changed continuously during this experiment, IPP was kept 
constant at 1.8 mmHg and 16.7 mmHg for the experiment in horizontal and 
upright position, respectively. These are realistic IPP values for subjects in 
supine and sitting position [2, 21]. 
Table 2.2: Modeling of relevant postures and daily activities 
Activity Modeling Source 
lying (supine) IPP = 1.8 mmHg, 𝛼𝛼1 = 𝛼𝛼2 = 0° [21] 
sitting IPP = 16.7 mmHg, 𝛼𝛼1 = 𝛼𝛼2 = 90° [21] 
standing IPP = 20.0 mmHg, 𝛼𝛼1 = 𝛼𝛼2 = 90° [21] 
sitting up gradual trunk (𝛼𝛼1) and head (𝛼𝛼2) movement [22] 
lying down Reversed sit-up movement  
coughing Simultaneous increase in IPP and 𝑝𝑝𝑉𝑉 ,𝐻𝐻𝐻𝐻𝐻𝐻  by 
up to 68 mmHg and 43 mmHg, respectively 
[38] 
 
Experiment 2 (Synthetic Posture Change) 
The setup’s ability to mimic postural changes and posture related overdrainage 
was tested by simulating a patient who quickly moves (within 5 s) from supine 
position to sitting and then goes back to supine position again (Table 2.2). Each 
of the three postures was held for 1 hour to guarantee equilibrium conditions at 
the end of each period. The transitions were gradual changes of 𝛼𝛼1, 𝛼𝛼2, and IPP. 
The initial state of the patient simulation was the equilibrium state without 
shunting (𝑝𝑝𝐶𝐶 = 𝑝𝑝𝐵𝐵 = 10 mmHg). In addition to the physiological case with 𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 = 8.57 mmHg, the experiment was also repeated for a pathological case 
with an elevated CSF outflow resistance of 37.14 mmHg, which corresponds to 
a patient with an ICP of 20 mmHg in supine position without shunting. The 
experiment was repeated three times for each valve combination. Experiment 2 
was also used to quantify the performance of the pressure interfaces. This was 
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done by comparing the desired and measured pressures in the ICP interface, 
where the ICP pulsations pose high dynamic requirements for the pressure 
control. 
Experiment 3 (Daily Routine) 
The idea behind the third experiment is that for future smart and active shunts it 
will not be sufficient to only consider the static characteristic of the valve, 
because the valve will adapt to the patient. Therefore, we need a new means to 
assess and compare the performance of these new devices. One promising 
approach to this problem is to define a scenario that resembles the daily routine 
of the targeted patient or patient group most realistically. This idea can be 
compared to the driving cycles that are used to estimate the fuel consumption 
and emissions of a given car or truck within a typical environment [4, 97]. We 
generated a cycle from a case study of a subject’s daily routine that was recorded 
over 24 hours [38] consisting of the postures and activities listed in Table 2.2. 
While this cycle cannot be considered to be representative, it does serve its 
purpose of providing a proof of principle. Valve No. 1 with and without the 
gravitational unit was used in connection with the pathologic case for this cycle. 
The ICP of a healthy subject (physiologic outflow resistance) without a shunt 
was simulated as a benchmark to which the ICP recorded during the cycle was 
compared. 
2.4 Results 
All recordings of the experiments were filtered with a second-order zero-phase 
Butterworth filter with 50 Hz cutoff frequency using the MATLAB function 
filtfilt. Results that are based on multiple measurements are given as mean values 
± standard deviation. 
2.4.1 Experiment 1 (Shunt Characteristic) 
The pressure-flow characteristics of the tested valves are depicted in Figure 2.7, 
and their measured opening pressures are listed in Table 2.3. The valve 
manufacturer defines the opening pressure as the pressure necessary to obtain a 
drainage rate of 0.083 mL/min (5 mL/h). According to this definition, the 
measured opening pressure over the valve, both catheters and the flow sensor is 
7.17 ± 1.02 mmHg (measurements on the three separate ball and cone valves of 
the same type). The nominal opening pressure for the valves without catheters is 
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7.4 mmHg (10 cmH2O). Adding the gravitational unit to one of the ball and cone 
valves (Valve No. 1) does not change the measured opening pressure of this 
valve in supine position notably. It does, however, increase flow resistance above 
the opening pressure (Figure 2.7) and it increases the opening pressure in upright 
position to 16.98 ± 1.05 mmHg (Table 2.3). 
2.4.2 Experiment 2 (Synthetic Posture Change) 
Experiment 2 shows how the drainage rate and ICP evolves when a patient sits 
up or lies down, and how this behavior is affected by the addition of a 
gravitational unit to the ball and cone valve. As an example, Figure 2.8 shows 
the ICP and flow rate through the shunt for one iteration of the experiment and 
compares the measurements to reference values obtained by simulation without 
shunt. In this reference case, mean ICP is 10.00 mmHg in supine position. In 
sitting position, the proximal catheter tip rises above the CSF system’s point of 
hydrostatic indifference. This posture-induced reduction in the hydrostatic  
Figure 2.7: Experiment 1: Pressure-flow characteristics during opening and closing of the 
tested valves. The curves represent mean values over four repetitions of Experiment 1 in 
horizontal position and four repetitions in upright position. Error bars indicate the 
standard deviations at 5, 10, 15, 20, and 25 mmHg. (a) Ball and cone valves No. 1-3. (b) 
Valve No. 1 combined with the gravitational unit (GU) with separate curves for horizontal 
and upright position. 
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Table 2.3: Mean values and peak-to-peak amplitudes of ICP and shunt flow after steady 
state was reached during Experiment 2. 
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pressure at the ICP reference point leads to negative mean ICP (−5.10 mmHg) 
relative to ambient pressure [88]. The corresponding movements of the posture 
mechanism are visualized in a video clip available in the IEEE Xplore Digital 
Library. 
We use the equilibrium conditions in supine and sitting posture and the time it 
takes to reach these to quantify the experimental results. The equilibrium values 
are averaged over the periods 20 min < 𝑢𝑢 < 60 min and 80 min < 𝑢𝑢 < 120 min for 
supine and sitting position, respectively. In the following, we consider 
equilibrium to have reached when the mean ICP is and stays within 1 mmHg of 
this value. 
1) Physiological Case: 
For the physiological case with 𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 = 8.57 mmHg/(mL/min) and supine 
position, the shunt decreases ICP from 10 mmHg (reference case, no shunt) to 
9.10 ± 0.38 mmHg. After sitting up, ICP instantaneously falls to 
−6.24 ± 0.36 mmHg due to the increased hydrostatic pressure difference. 
However, this fall in ICP and the modeled increase in IPP (from 1.8 mmHg to 
16.7 mmHg) does not fully compensate the hydrostatic water column in the 
catheter, which leads to a maximum drainage rate of 4.41 ± 0.20 mL/min 
(averaged over one cardiac cycle). Equilibrium is reached after 9.21 ± 1.49 min 
at ICP of −21.06 ± 1.34 mmHg. The patient’s recovery from this overdrainage is 
slower and takes 34.68 ± 1.12 min. 
A metric that gives an indication of the patient’s current compliance is the 
amplitude of the ICP pulsations. In the reference case, the peak-to-peak 
amplitude is 1.14 mmHg independent of the patient’s posture. With the shunt, 
this decreases slightly to 1.04 ± 0.04 mmHg for the supine position and increases 
to 2.34 ± 0.16 mmHg while sitting. 
2) Pathological Case: 
When conducting the same experiment, but with increased outflow resistance, 
ICP is only decreased to 11.61 ± 0.48 mmHg in supine position while diverting 
0.22 ± 0.01 mL/min through the shunt. The overdrainage in the sitting posture 
(0.35 ± 0.00 mL/min) still leads to an equilibrium ICP of −20.25 ± 0.51 mmHg. 
As expected, the difference to the physiological case is small here, because the 
resulting ICP is below the cerebral venous pressure 𝑝𝑝𝑉𝑉  (−8.10 mmHg in sitting 
posture). Therefore, the entire CSF production (0.35 mL/min) is diverted through 
the shunt in both cases. 
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3) Gravitational Valve: 
Adding a gravitational unit to the valve does not change the equilibrium ICP in 
the supine position notably (9.69 ± 0.04 mmHg). During the sitting phase of the 
experiment, all of the CSF produced is still drained through the shunt. The ICP, 
however, is only lowered to −9.07 ± 0.06 mmHg, which also keeps the ICP 
pulsations (0.94 ± 0.01 mmHg) closer to the reference scenario. 
4) Pressure Control: 
For Experiment 2, Figure 2.9 compares within a time window of three seconds 
the pulsatile ICP values prescribed by the in silico domain with the ICP measured 
in the reservoir of the ICP interface. The mean absolute error (MAE) in the 
interface is 0.075 mmHg over all experiments. The maximum absolute error 
stays below 1 mmHg in all experiments. After compensating for the delay of 
25 ms between the in silico and the in vitro domains, the MAE decreases to 
0.007 mmHg. For the IPP interface, the MAE is 0.027 mmHg. Compensating for 
Figure 2.9: Comparison between set (by the in silico domain) and measured (in the in 
vitro domain) ICP values in Experiment 2 presented in Figure 2.8. The bottom panels 
show the corresponding measured pulsatile drainage rate. (a) Supine position: Time 
window starts at 𝑢𝑢1 = 40 min into the experiment. (b) Sitting: Time window starts at 𝑢𝑢2 =100 min. 
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the delay does not significantly change the error here, because the reference 
signal for this compartment is not pulsatile. 
2.4.3 Experiment 3 (Daily Routine) 
Figure 2.10 depicts the results of Experiment 3 carried out with valve No. 1, 
without the gravitational unit. At nighttime, the simulated patient is in supine 
position, and the ICP stabilizes around the equilibrium ICP in supine position 
that was determined in the synthetic posture change experiment. At daytime, the 
patient is mainly sitting or standing. There are numerous transitions between 
these postures. Therefore, the simulated IPP alternates between 16.7 mmHg and 
20 mmHg, while the vertical distance between the proximal and the distal end of 
the catheter remains constant. In the reference simulation, which mimics a 
healthy subject without shunt, the mean ICP is −5.10 mmHg in sitting or standing 
position. The behavior of the shunted patient is different in two ways: First, 
overdrainage occurs and low ICP values as measured in Experiment 2 can be 
observed. Second, CSF drainage rate and with it ICP are directly dependent on 
IPP. This means that the ICP in standing position is higher than in sitting position. 
Adding a gravitational unit hardly influences ICP at nighttime, but reduces 
overdrainage while the patient is sitting or standing. The pressure spikes in 
Figure 2.10 are the result of coughing, which is modeled as outlined in Table 2.2. 
These pressure peaks result in mainly negative spikes in the measured flow rate, 
which will cause the valve to close. However, they do not have any significant 
and prolonged effect on the ICP. Over the entire 24-hours cycle, the mean 
absolute difference in ICP between shunted patient and healthy subject is 
9.16 mmHg without gravitational unit and 2.29 mmHg with. 
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2.5 Discussion 
The results presented at hand demonstrate that the HIL test bed can be used to 
study the static and dynamic properties of CSF shunts, and their interaction with 
the patient. 
The opening pressures and characteristics obtained in Experiment 1 compare 
well with the manufacturer’s specifications, but also show marked differences 
between the measured mean opening pressures of valve No. 1 and the remaining 
two valves, which are larger than the experiments’ standard deviations. 
In Experiment 2, we were able to reproduce the problem of overdrainage when 
using a standard differential pressure valve, and observe how the addition of a 
gravitational unit can prevent it. The high measured flow rates and the 
subsequent fall in ICP are in good agreement with the literature [6]. 
In the same experiment, we observed that in supine position the valves start 
continuously draining before the difference between mean ICP and IPP rises 
above the valve’s opening pressure (Figure 2.9). While it is known that the 
apparent opening pressure is lowered in the presence of pressure pulsations [27], 
it was assumed that CSF is only drained during the pressure peaks. The 
continuous flow in our experiment might be due to a hysteresis in the valve 
opening. This result highlights that the drainage is influenced by ICP pulsations; 
these should thus be taken into account when testing CSF shunts. 
We know from in vivo studies that the amplitude of ICP pulsations increases 
with elevated mean ICP and can be decreased through shunting until a certain 
minimum amplitude [43, 87]. In supine position, we can reproduce the reduction 
in ICP pulse amplitude with all shunts. In sitting position, however, the amplitude 
is only decreased with the gravitational unit. For the very low ICP values that are 
reached during overdrainage, we measure even higher amplitudes than without 
shunting, which is due to the symmetry of the compliance curve around the 
venous pressure (Figure 2.5). A similar amplitude increase at negative ICP has 
been observed after withdrawal of CSF in dogs [33, 44]. 
Experiment 2 further proves that the feedback controllers of the critical pressure 
interfaces are able to follow the respective reference curves precisely. The 
interfaces can apply any pathophysiologic pulse waveform or pressure spike to 
the shunt. The delay that is introduced by the controlling feedback loop is small. 
It is even irrelevant when looking at periodically pulsating signals. 
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The cycle simulated in Experiment 3 is only based on the recordings of one 
subject, and should thus not be considered representative of any subpopulation 
of hydrocephalus patients. The experiment does, however, demonstrate the 
feasibility of simulating an arbitrary daily routine for a period of 24 hours or 
longer. By comparing the simulated ICPs of such an experiment to a reference 
simulation, we can provide a simple metric that quantifies the performance of 
CSF shunts for a realistic scenario. The two results of the shunt with and without 
the gravitational unit suggest that the metric is sensitive to improvements in shunt 
technology. In contrast to measurements of the shunt’s pressure-flow 
characteristic, the results will even be meaningful for active shunts that adapt to 
the posture of the patient, mean ICP or the ICP pulse waveform. 
Compared to pure in vitro implementations, the main advantages of the HIL 
approach used for our setup are the flexibility of the patient model and its 
determinism: The simulated patient or the severity of the pathology can be 
changed by adjusting the model parameters. Sets of parameters representing 
specific patients or patient groups can at least in part be derived from available 
clinical data such as ICP recordings during lumbar infusions tests. Physiologic 
and pathophysiologic increases in abdominal pressure as they occur, 
respectively, during pregnancy and due to obesity can be taken into account by 
increasing mean IPP. Finally, HIL testing can be extended to ventriculoatrial and 
ventriculopleural shunts by adapting the posture mechanism and patient model. 
2.6 Conclusion 
Our test bed can be used to quantify and assess the expected performance of 
passive and active shunts in a realistic environment. The HIL approach on which 
the test bed is based does not only provide a means of comparison for existing 
shunts; it can also stimulate the development of smart and active shunts by 
lowering the burden of implementing and testing new concepts and ideas. In 
combination with comprehensive and well specified test cycles, we can imagine 
the application of HIL testing during the regulatory approval process of new 
devices. 
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3 Comparison of anti-siphon devices 
The content of this chapter is completely taken from [49]: 
Gehlen M, Eklund A, Kurtcuoglu V, Malm J, Schmid Daners M. Comparison of 
anti-siphon devices – How do they affect CSF dynamics in supine and upright 
posture? Acta Neurochirurgica, (accepted for publication). 
3.1 Abstract 
Background 
Three different types of anti-siphon devices (ASD) have been developed to 
counteract siphoning-induced overdrainage in upright posture. However, it is 
unknown how the different ASDs affect cerebrospinal fluid (CSF) dynamics 
under the complex pressure environment seen in clinic due to postural changes. 
We investigated which ASDs can avoid overdrainage in upright posture best 
without leading to CSF accumulation. 
Methods 
Three shunts each of the types Codman Hakim with SiphonGuard (flow-
regulated), Miethke miniNAV with proSA (gravitational), and Medtronic Delta 
(membrane-controlled) were tested. The shunts were compared on a novel in 
vitro setup that actively emulates the physiology of a shunted patient. This testing 
method allows determining CSF drainage rates, resulting CSF volume and 
intracranial pressure in supine, sitting, and standing posture. 
Results 
The flow-regulated ASDs avoided increased drainage by closing their primary 
flow path when drainage exceeded 1.39 ± 0.42 mL/min. However, with 
intraperitoneal pressure increased in standing posture, we observed reopening of 
the ASD in three out of 18 experiment repetitions. The adjustable gravitational 
ASDs allow independent opening pressures in horizontal and vertical orientation, 
but they did not provide constant drainage in upright posture (0.37 ± 0.03 and 
0.26 ± 0.03 mL/min in sitting and standing posture, respectively). Consequently, 
adaptation to the individual patient is critical. The membrane-controlled ASDs 
stopped drainage in upright posture. This eliminates the risk of overdrainage, but 
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leads to CSF accumulation up to the volume observed without shunting when the 
patient is upright. 
Conclusion 
While all tested ASDs reduced overdrainage, their actual performance will 
depend on a patient’s specific needs due to the large variation in the way the 
ASDs influence CSF dynamics: while the flow-regulated shunts provide 
continuous drainage in upright posture, the gravitational ASDs allow and require 
additional adaptation, and the membrane-controlled ASDs show robust siphon 
prevention by a total stop of drainage. 
3.2 Introduction 
Most commonly, hydrocephalus is treated by surgical placement of a 
ventriculoperitoneal cerebrospinal fluid (CSF) shunt. About 80% of patients with 
idiopathic normal pressure hydrocephalus (iNPH) improve after shunt 
insertion [108]. However, up to ten percent of iNPH patients develop a serious 
adverse event, like a subdural hematoma or hygroma, due to overdrainage 
through the shunt [47]. 
Flow through current shunt valves is differential pressure driven, and thus a 
function of intracranial pressure (ICP) and intraperitoneal pressure (IPP), but also 
dependent on the hydrostatic pressure column in the catheter [11, 77, 83]. A 
common misconception is that only the hydrostatic pressure column changes 
with body position, whereas, actually all three pressures are influenced by the 
patient's posture [64]. In clinic, this creates unpredictable pressure differences 
and thus a complex environment, within which the shunt must be able to maintain 
physiologic ICP and CSF volume. Anti-siphon devices (ASD) are used to adapt 
the shunt to these changes in pressures related to posture, especially to avoid 
overdrainage when sitting or standing. Various manufacturers have tried to solve 
the problem by using different constructions of the ASD [6]. However, it is not 
known whether any of these constructions is better than the others and there is 
no consensus on the best way to control CSF drainage under postural 
changes [46]. 
Bench tests have been used to characterize opening pressure and resistance of 
shunts with ASDs under changing valve orientations and distal pressures [5, 28, 
30, 31, 46, 59]. To date, bench test analysis of shunt systems including ASDs has 
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stopped here. But to understand how ICP will be regulated by the shunt system 
in upright posture, the next step is to understand the resulting time dependent 
shunt flows and how this changes ICP and craniospinal compliance. In vivo 
studies have demonstrated changes of equilibrium ICP and pulse pressure 
amplitude due to posture and for different valve settings [11, 18, 43], with two 
of them also having included quantitative drainage information [64, 77]. 
However, CSF volume and drainage rates cannot be measured reliably in vivo, 
but would be necessary to understand the interaction of shunt and CSF dynamics, 
especially in upright posture. 
In this study, we used a novel in vitro test bench [51] to quantify the influence 
these three anti-siphon mechanisms have on the CSF dynamic system. The test 
bench combines a hardware interface for the shunts to be tested with a real-time 
computational model of the relevant physiology, whereby changes in CSF 
dynamics due to drainage through the shunt can be emulated. 1 Therefore, in 
contrast to previous in vitro test benches, the pressures applied to the tested shunt 
are not constant, but change dynamically with drainage and posture. This general 
approach combines advantages of classical in vitro approaches (repeatability) 
with those of clinical studies (physiological interaction of the shunt with the 
patient). It allows measuring drainage continuously in different postures and 
determining clinically relevant parameters, such as CSF volume and ICP. With 
this, we aim to elucidate how the different ASDs interact with the CSF system 
and which ASD can maintain best the desired reduction in CSF volume in upright 
posture without overdraining. 
3.3 Methods 
Three types of state-of-the-art differential pressure shunts with fixed opening 
pressure and integrated ASD were included in this study. The opening pressures 
of each shunt type was chosen such that the target ICP in supine position was as 
close to 10 mmHg as possible. After determining the baseline characteristics of 
the shunt systems in horizontal and vertical orientation, their influence on CSF 
dynamics were investigated by simulating a succession of postural changes. As 
ASDs are often designed under the assumption that the orientation of the valve 
                                                          
1 A video illustrating this experimental setup can be found at 
http://ieeexplore.ieee.org/ielx7/10/7384657/7160680/tbme-schmiddaners-
2457681-mm.zip?tp=&arnumber=7160680 
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represents the posture of the patient, we also evaluated the sensitivity of the tested 
ASDs with respect to their effective position. 
3.3.1 Shunts 
The CSF shunts tested were: 1. Codman Hakim fixed pressure valve (medium 
high range) with integrated flow-regulated SiphonGuard ASD (Codman & 
Shurtleff, Inc., Raynham MA, USA); 2. Miethke miniNAV (10 cmH2O opening 
pressure) combined with the adjustable gravitational Miethke proSA ASD 
(Christoph Miethke GmbH & Co. KG, Potsdam, Germany) and; 3. Medtronic 
Delta fixed pressure valve (performance level 1.5) with integrated membrane-
controlled Delta chamber (Medtronic Neurosurgery, Goleta CA, USA). The 
opening pressure of the Miethke proSA, the only adjustable ASD in the group, 
was set to 20 cmH2O (according to the manufacturer’s recommendation for 
patients above 60 years of age). Three shunts of each of the three types were 
tested with the corresponding standard catheters. Shunts and catheters were new. 
The inner diameters of the catheters were 1, 1.2, and 1.3 mm for the Codman, 
Miethke, and Medtronic valves, respectively. Catheter length was standardized 
to 20 cm for the proximal catheter and 84 cm for the distal catheter. 
3.3.2 Experiments 
All experiments were conducted using the test bench introduced in [51] and 
depicted in Figure 3.1. The respective shunt’s influence on CSF dynamics was 
simulated with the mathematical model shown and described in Figure 3.2. 
Baseline characteristics 
The pressure-flow characteristics of each valve were evaluated in horizontal and 
in vertical position: 
Horizontal position: the ICP reservoir, the valve, and the IPP reservoir were kept 
all at the same level. The pressure in the ICP reservoir was over 4 min 
continuously and without pulsations increased from 0 to 30 mmHg and decreased 
back to 0 mmHg. The pressure in the IPP reservoir was kept constant at 
1.8 mmHg, i.e., a simulated abdominal pressure (Table 3.1) [21]. 
Vertical position: the test bench rotated the valve by 90°, while keeping it at the 
same level as the ICP reservoir. Both were located 64 cm (𝑙𝑙1 + 𝑙𝑙2) above the IPP 
reservoir, whose pressure was kept at 16.7 mmHg, i.e., the IPP value for sitting 
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[21]. As there is a physiological decrease of ICP in upright [88], the simulated 
ICP was varied between -30 and 0 mmHg. 
Influences on CSF dynamics 
To determine the influence of the shunts on CSF dynamics ICP was not varied 
according to a pre-set pattern. Instead, the values of the pressures applied to the 
shunt by the dynamically pressurized reservoirs were calculated in real-time 
based on the measured shunt flow and a mathematical model of the relevant 
Figure 3.1: The shunt’s proximal and distal catheters are connected to separate reservoirs 
filled with deionized and deaerated water. The pressures in the reservoirs are dynamically 
adjusted during each experiment to correspond to expected instantaneous values of ICP 
and intraperitoneal pressure (IPP), respectively [51]. These values are determined by a 
real-time computational physiologic model. The instantaneous outflow rate through the 
tested shunt is continuously measured with an integrated flow probe (SLI-2000, Sensirion 
AG, Staefa, Switzerland). The valves and catheters are submerged in a closed water bath 
that guarantees a posture-independent pressure of 10 cmH2O at the location of the valve 
[5, 51, 59]. The valve is placed at the same level as the pressurized ICP reservoir, which 
represents the reference location for ICP measurements. The orientations of valve and 
catheter are adjusted to mimic the simulated patient’s posture in terms of trunk orientation 𝛼𝛼1 and head orientation 𝛼𝛼2. The corresponding lengths 𝑙𝑙1 and 𝑙𝑙2 are the trunk length (from 
the IPP reference point to the mid-shoulder) and the distance between the shoulder and 
the external auditory, respectively. Venous HIP denotes the venous system’s hydrostatic 
indifference point. The whole test bench including the test medium and the shunt are 
heated to a uniform temperature of 37 ± 1 °C. 
venous HIP
ICP
valve
IPPflow probe
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physiology, which is described in Figure 3.2. This model, which describes ICP 
and IPP as a function of posture and the instantaneous drainage rate through the 
shunt, was introduced in [51]. ICP pulsatility is included through pulsations of 
the cranial arterial volume. For the present study, the model was extended to also 
represent the linear part of the CSF system’s pressure-volume relationship 
(Figure 3.2) [86]. 
The parameters of the mathematical model (Table 3.1) were taken from clinical 
studies with iNPH patients [84, 86, 88]. The physical dimensions of the test 
bench (𝑙𝑙1 and 𝑙𝑙2) corresponded to those of a 50th-percentile American male [102]. 
Table 3.1: Parameter set for the mathematical patient model (see Figure 3.2) simulating 
iNPH. 
Parameter Symbol Value Unit Ref. 
Exponential proportionality 
parameter 
𝑝𝑝1 4.0 mmHg [86] 
Offset pressure 𝑝𝑝0 1.5 mmHg [86] 
Relative optimal pressure Δ𝑝𝑝𝑓𝑓𝑝𝑝𝑢𝑢 3.8 mmHg [86] 
Elastance coefficient 𝑘𝑘 0.23 mL-1 [86] 
CSF formation rate 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 0.35 mL/min [25, 27] 
CSF outflow resistance 𝑅𝑅𝑓𝑓𝑗𝑗𝑢𝑢 15.7 mmHg/(mL/min) [86] 
Venous HIP pressure 𝑝𝑝𝑣𝑣,𝐻𝐻𝐻𝐻𝐻𝐻  7.0 mmHg [88] 
Distance venous HIP to ICP 
reference 
𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻  33.8 cm [88] 
Distance jugular veins to ICP 
reference 
𝐿𝐿𝑗𝑗𝑗𝑗𝑔𝑔 11.0 cm [88] 
Torso length 𝑙𝑙1 47.5 cm [102] 
Neck length 𝑙𝑙2 16.5 cm [102] 
Intraperitoneal pressure supine 𝐻𝐻𝐻𝐻 𝐻𝐻 𝑎𝑎𝑗𝑗𝑝𝑝 1.8 mmHg [21] 
Intraperitoneal pressure sitting 𝐻𝐻𝐻𝐻 𝐻𝐻 𝑎𝑎𝑖𝑖𝑢𝑢 16.7 mmHg [21] 
Intraperitoneal pressure standing 𝐻𝐻𝐻𝐻 𝐻𝐻 𝑎𝑎𝑢𝑢𝑎𝑎𝑢𝑢𝑑𝑑  20.0 mmHg [21] 
 
Postural changes 
The shunts were subjected to a succession of postural changes from supine to 
sitting to standing, and back to supine. Each of the four postures was held for 
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60 min to reach equilibrium conditions. The respective equilibrium values were 
then calculated as the arithmetic mean over the last 5 min of each posture. The 
initial relative CSF volume was 0 mL, corresponding to 12.5 mmHg resting ICP. 
Head tilting 
Effects of head tilting were investigated by varying the head tilt angle 𝛼𝛼2 (Figure 
3.1) in supine and sitting posture: 
Figure 3.2: The CSF pressure-volume relationship implemented in the ICP model is 
exponential (𝐻𝐻𝐶𝐶𝐻𝐻 (𝑢𝑢) − 𝑝𝑝𝑣𝑣(𝛼𝛼1, 𝛼𝛼2) = 𝑝𝑝1𝑎𝑎𝑘𝑘⋅Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢) + 𝑝𝑝0) above the relative optimal pressure Δ𝑝𝑝𝑓𝑓𝑝𝑝𝑢𝑢 and linear (𝐻𝐻𝐶𝐶𝐻𝐻 (𝑢𝑢) − 𝑝𝑝𝑣𝑣(𝛼𝛼1, 𝛼𝛼2) = �Δ𝑝𝑝𝑓𝑓𝑝𝑝𝑢𝑢 − 𝑝𝑝0� ⋅ 𝑘𝑘 ⋅ �Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢) − 𝑉𝑉𝑓𝑓𝑝𝑝𝑢𝑢� + Δ𝑝𝑝𝑓𝑓𝑝𝑝𝑢𝑢) 
below [86]. The dashed line indicates how this relationship shifts from supine to upright 
posture due to the posture-dependent dural venous pressure 𝑝𝑝𝑣𝑣. CSF volume relative to 
the volume at baseline (12.5 mmHg ICP) Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 was calculated from the measured 
drainage rate through the shunt 𝑄𝑄𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢 (𝑑𝑑/𝑑𝑑𝑑𝑑 Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶(𝑑𝑑) = 𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑄𝑄𝑎𝑎𝑎𝑎𝑠𝑠(𝑑𝑑) − 𝑄𝑄𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢(𝑑𝑑)) 
assuming a constant CSF formation rate 𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and ICP-dependent CSF absorption 
(𝑄𝑄𝑎𝑎𝑎𝑎𝑠𝑠(𝑑𝑑) = �𝐼𝐼𝐼𝐼𝐼𝐼(𝑑𝑑) − 𝑝𝑝𝑣𝑣(𝛼𝛼1,𝛼𝛼2)� 𝑅𝑅𝑓𝑓𝑢𝑢𝑢𝑢⁄  for 𝐼𝐼𝐼𝐼𝐼𝐼(𝑑𝑑) ≥ 𝑝𝑝𝑣𝑣(𝛼𝛼1,𝛼𝛼2)). The dural venous 
pressure 𝑝𝑝𝑣𝑣, which is the reference pressure for the pressure-volume relationship and the 
CSF absorption,  was calculated relative to the pressure in the venous hydrostatic 
indifference point (HIP) [88]: 𝑝𝑝𝑣𝑣(𝛼𝛼1, 𝛼𝛼2) = 𝑝𝑝𝑣𝑣,𝐻𝐻𝐻𝐻𝐻𝐻 − 𝜌𝜌𝑔𝑔(𝑙𝑙2 sin 𝛼𝛼2 + (𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑙𝑙2) sin 𝛼𝛼1). 
When the jugular veins collapse in upright posture, this posture-related drop in 𝑝𝑝𝑣𝑣 is 
dampened [88]: 𝑝𝑝𝑣𝑣(𝛼𝛼1, 𝛼𝛼2) = 𝜌𝜌𝑔𝑔𝐿𝐿𝑗𝑗𝑗𝑗𝑔𝑔 sin 𝛼𝛼2. The model parameter values are listed in 
Table 3.1 
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Supine: After an initial phase of 20 min in supine position (𝛼𝛼1 = 𝛼𝛼2 = 0°, IPP = 
1.8 mmHg), the head orientation 𝛼𝛼2 was linearly increased to 45° within 30 min 
and then decreased back to 0°. This experiment simulates the effect of an elevated 
head, e.g. due to thick pillows, in supine position. 
Sitting: Starting after 20 min initialization in sitting position (𝛼𝛼1 = 𝛼𝛼2 = 90°, 
IPP = 16.7 mmHg), the head orientation was linearly decreased by 45° within 
30 min and back to 90°. This experiment simulates sitting upright with inclined 
head, e.g. while reading. 
3.3.3 Signal processing 
The measured shunt characteristics were processed using a moving average filter 
over 1 s, corresponding to 1000 samples. 
For the postural changes and the head tilting experiments, the mean values of 
ICP, 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 , and 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢 at time t were calculated as the arithmetic mean of the 
respective measurement signal over one cardiac cycle. After filtering with a 30-
ms moving-average filter, the peak-to-peak pulse amplitudes of these signals 
were calculated as the difference between maximum and minimum value during 
each cardiac cycle. 
3.3.4 Valve opening pressure and resistance 
The opening and closing pressures are the pressure differences over the shunt 
that caused an opening or closing of the valve, respectively. The valves were 
defined to be open when the measured drainage rate was more than 5 mL/h 
(≈ 0.08 mL/min). The resistance of a shunt was determined as the average slope 
of the measured pressure-flow curves for drainage rates between 5 and 50 mL/h 
(≈ 0.08 – 0.83 mL/min). 
3.3.5 Statistics 
Where applicable, values are presented as mean ± standard deviation (SD) of the 
results of the three individual valves tested per shunt model and all experiment 
repetitions. The shunt characteristics were measured twelve times per valve and 
the other two experiments were repeated six times per valve. All statistical tests 
were two-sided non-paired t-tests. Differences were considered significant at a 
p-value < 0.05. 
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3.4 Results 
3.4.1 Baseline characteristics 
Flow-regulated ASD 
For the shunt with flow-regulated ASD, there were no significant differences 
between the pressure-flow characteristics measured in horizontal and in vertical 
orientation (Figure 3.3). The valves’ primary pathway closed when the drainage 
rate exceeded 1.39 ± 0.42 mL/min. With this, the shunt’s resistance increased 
from 6.2 ± 0.9 mmHg/(mL/min) (see Table 3.2) to 58.1 ± 7.7 mmHg/(mL/min). 
The ASD reopened when the flow fell below 0.17 ± 0.02 mL/min, resulting in a 
large hysteresis of the ASD. 
Gravitational ASD 
The opening pressure of the shunts with gravitational ASD increased in vertical 
orientation (Table 3.2). However, this increase was substantially lower than the 
nominal opening pressure of the gravitational unit (20 cmH2O = 14.7 mmHg). 
Reprogramming of the ASD allowed for changing this, but the measured opening 
pressures were consistently lower than the adjusted values. 
The resistance of the open shunt was approximately constant with a slight 
increase above ~1.5 mL/min drainage (Figure 3.3). This resistance increase was 
accompanied by audible vibrations of the valve. 
Membrane-controlled ASD 
In horizontal orientation, the membrane-controlled shunts had a large hysteresis 
between opening and closing pressure (Table 3.2) and a comparably low 
resistance. In vertical orientation, no drainage was observed for the tested range 
of ICP values (-30 to 0 mmHg). 
3.4.2 Influences on CSF dynamics 
In supine position, drainage through the shunts led to a decrease in ICP from the 
initial 12.5 mmHg to the equilibrium conditions listed in Table 3.3. Upon sitting 
up, ICP instantaneously decreased by another 15.1 mmHg with all shunts (Figure 
3.4). 
Flow-regulated ASD 
The flow-regulated ASD switched to its high resistance mode immediately after 
sitting up. However, the drainage rates in sitting posture were still higher than in 
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supine position, leading to a reduction in CSF volume and pulse pressure 
amplitude (AMP) and a further decrease in ICP (Figure 3.4). After standing up, 
the slight increase in IPP was enough for one of the three tested valves to switch 
back into the low resistance mode in three out of the six experiment repetitions. 
This led to a large variability in the resulting equilibrium conditions in standing 
posture (Table 3.3). 
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Table 3.2: Opening pressure (OP), closing pressure (CP), and resistance of the tested shunt 
systems are shown for horizontal and vertical orientation. All parameters were calculated 
from the pressure-flow characteristics shown in Figure 3.3. The most pronounced 
differences between the ASDs were in the OP/CP and resistance increases in upright 
posture. 
ASD  nom. OP (mmHg) 
meas. OP 
(mmHg) 
meas. CP 
(mmHg) 
meas. resistance 
(mmHg/(mL/min)) 
flow-regulated hor. 7.4 9.0 ± 0.5 8.4 ± 0.5 6.3 ± 1.0 
ver. 7.4 9.3 ± 0.4 8.5 ± 0.3 6.1 ± 0.8 
gravitational hor. 7.4 7.7 ± 0.5 7.3 ± 0.6 7.2 ± 0.5 
ver. 22.1 17.4 ± 1.0 14.3 ± 1.1 13.8 ± 1.4 
membrane-
controlled 
hor. 5.1 7.4 ± 1.3 5.8 ± 0.8 3.4 ± 0.9 
ver. 6.3 * * * 
* no drainage under the tested conditions (Figure 3.3). 
 
Gravitational ASD 
After sitting up, the lower than expected opening pressure of the gravitational 
ASD in vertical orientation led to increased drainage and a subsequent decrease 
in ICP (Table 3.3). AMP did not decrease further as ICP fell below optimal 
pressure. As higher IPP was assumed for standing (20 mmHg) compared to 
sitting posture (16.7 mmHg), the drainage rate decreased after standing up (Table 
3.3). 
Membrane-controlled ASD 
The lower opening pressure compared to the other two valves led to slightly 
lower ICP in supine equilibrium (Table 3.3). In sitting and standing posture, 
however, the membrane-controlled ASD prevented drainage. This lack of 
drainage led to an accumulation of CSF up to the initial volume without shunting 
and caused increased ICP and AMP. Further ICP increase was prevented by the 
virtual patient’s natural CSF absorption. After lying down, the low resistance of 
the shunt caused a fast recovery to equilibrium conditions. 
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Table 3.3: Mean value, pulse pressure amplitude (AMP) and respective standard 
deviations (SD) of equilibrium ICP, relative CSF volume (𝛥𝛥𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 ), and drainage rate 
(𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢) for supine, sitting, and standing posture calculated during the last 5 min of the 
posture change experiment shown in Figure 3.4.  
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Figure 3.4: Measured drainage rates 𝑄𝑄𝑎𝑎ℎ𝑗𝑗𝑢𝑢𝑢𝑢 and the resulting relative CSF volume Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 , 
and ICP during a sequence of supine, sitting, standing, and again supine posture. 
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3.4.3 Head Tilting 
Flow-regulated ASD 
With the flow-regulated ASDs, head tilting neither changed drainage in supine 
nor in sitting posture (Figure 3.5). 
Gravitational ASD 
In supine position, the gravitational ASD kept the drainage constant for head tilt 
angles of up to approximately 20°. Further elevating the head led to decreasing 
drainage. A similar pattern was observed in sitting posture, where the drainage 
started to increase when the head tilt angle deviated substantially from vertical. 
Membrane-controlled ASD 
Elevating the head from the horizontal orientation rapidly reduced the drainage 
through the membrane-controlled shunts. In sitting posture, the ASD prevented 
drainage in any of the tested head tilt angles. 
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3.5 Discussion 
With the novel in vitro test bench, we could quantify how the different types of 
ASDs affect drainage rate, ICP, and CSF volume under postural changes. This 
could not have been determined with any previous in vitro test bench. Isolating 
and measuring the effect of the ASD would be difficult in vivo. With flow-
regulated, gravitational, and membrane-controlled ASDs included in the study, 
all three main ASD functional principles were represented [46]. 
Generally, sitting up from supine position leads to an immediate drop in ICP 
(even without a shunt), a simultaneous increase in IPP, and a hydrostatic pressure 
column in the vertical catheter, which can cause overdrainage through the 
shunt [43, 64]. Since the ICP decrease arises from the physiologic change in 
hydrostatic conditions, it is neither accompanied by a reduction in CSF volume 
nor by a reduction in pulsatility [43, 64]. These expected changes in the shunt’s 
pressure environment were accurately replicated by the in vitro test bench. 
In upright posture, an ASD should maintain drainage without overdrainage, 
despite these changes. I.e. the reduction in CSF volume achieved with a shunt in 
supine position shall be preserved without risking subdural haemorrhage by 
further CSF volume reduction. 
Comparing the measured equilibrium ICPs in sitting and standing posture (Table 
3.3) with the -20 mmHg that are reached without any means of siphon prevention 
[51], it becomes evident that all three types of ASDs reduced the effect of 
siphoning. But the ASD types achieved this each through a distinct mechanism: 
3.5.1 Flow-regulated ASD 
Flow-regulated ASDs limit the maximum flow rate through the shunt by closing 
their main flow path and thereby increasing their resistance. While sitting, the 
shunts with flow-regulated ASDs provided continuous drainage and the smallest 
change in CSF volume from the one in supine position. The resulting ICP was 
therefore close to its desired value in upright posture (-5.1 mmHg) [77, 88]. The 
flow-regulated ASD achieved this by closing its low resistance pathway during 
the process of sitting up and keeping the drainage below the rate of CSF 
production except for a short spike that is necessary to induce the mode switch. 
However, there was considerable variation in the flow rate that led to this mode 
switch. Furthermore, in standing posture, the ASD operated close to the opening 
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pressure of its primary flow path, which led to occasional re-opening of this low 
resistance path. In general, re-opening or no initial closing of the low resistance 
path is possible in upright posture when the driving pressure gradient is not large 
enough. This can be problematic for short patients who have a smaller 
hydrostatic pressure column driving the drainage in upright posture, as well as 
for obese patients with increased IPP. 
3.5.2 Gravitational ASD 
In gravitational ASDs, the gravitational force of a counterweight is exploited to 
vary the ASD’s opening pressure with its orientation. Thus, they aim at 
increasing the differential pressure over the valve in upright posture. With this 
opening pressure increase, the gravitational ASDs counteracted siphoning well 
in standing posture. However, with no change in opening pressure, they struggled 
to retain the desired CSF volume in sitting posture, where IPP is slightly lower. 
This shows that even with a programmable gravitational ASD, constant drainage 
in all postures is not achievable and implies that individual adaptation to the 
patient is critical as over- as well as underdrainage is possible with a non-
adequate ASD setting. It also implies that non-programmable gravitational ASDs 
may not be advisable, as it may be difficult to estimate the required opening 
pressure before surgery and adaptation is not possible without a shunt revision. 
3.5.3 Membrane-controlled ASD 
In membrane-controlled ASDs, a membrane distal to the actual valve decouples 
the valve opening from the IPP and the hydrostatic pressure column in the distal 
catheter. This membrane acts as a trap that only opens when the proximal valve 
pressure exceeds the surrounding subcutaneous pressure. In this study, we saw 
no shunt flow in the upright position for the physiologic ICPs up to 0 mmHg. 
This could be expected, as opening of the membrane-controlled ASD would 
require positive proximal valve pressure to subcutaneous pressure gradients [31, 
43]. Thus, the positive subcutaneous pressure (10 cmH2O was assumed and 
applied in the water bath surrounding the valve) prevented the shunts from 
opening in upright position. It can be expected that the membrane-controlled 
ASD prevents drainage in upright posture for any physiological ICP [43]. This 
decouples the CSF dynamics and ICP from changes in IPP, but leads to CSF 
accumulation in upright posture. However, this type of robust siphon-prevention 
may even be desirable, because it eliminates the risk of overdrainage without the 
need for adjustments. Similar characteristics can be achieved with gravitational 
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ASDs by deliberately choosing a higher ASD opening pressure. It has been 
suggested previously that the target ICP of membrane-controlled ASDs in 
upright posture could also be decreased through a caudally shifted valve 
placement [106]. However, implantation at the chest would be required to 
achieve the physiological value of -5.1 mmHg in upright posture. 
3.6 Conclusions 
Flow-regulated, gravitational, and membrane-controlled ASDs can all reduce 
overdrainage. However, the effects of these ASDs on CSF dynamics vary greatly 
and not every device type is suitable for every patient: For the simulated INPH 
patient investigated in this study, the flow-regulated ASD best maintained the 
desired drainage rate in upright posture, but it was prone to overdrainage for 
slightly increased intraperitoneal pressure. The adjustable gravitational ASD 
allows for individual adaptation of the drainage rate in upright posture., but 
precise adjustment to height and intraperitoneal pressure of the patient is required 
and varying intraperitoneal pressure led to deviations from the desired drainage 
rate. The tested membrane-controlled shunts did not drain at all in upright 
posture, leading to a robust siphon-prevention, but without continuous drainage. 
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4 Modelling posture-related changes 
The content of this chapter is completely taken from [52]: 
Gehlen M, Kurtcuoglu V, Schmid Daners M. Is posture-related craniospinal 
compliance shift caused by jugular vein collapse? a theoretical analysis. Fluids 
and Barriers of the CNS, 2017;14(1):5. 
4.1 Abstract 
Background 
Postural changes are related to changes in cerebrospinal fluid (CSF) dynamics. 
While sitting up leads to a decrease in cranial CSF pressure, it also causes shifts 
in the craniospinal CSF volume and compliance distribution. We hypothesized 
that jugular vein collapse in upright posture is a major contributor to these shifts 
in CSF volume and compliance. 
Methods 
To test this hypothesis, we implemented a mathematical lumped-parameter 
model of the CSF system and the relevant parts of the cardiovascular system. In 
this model, the CSF and the venous system are each divided into a cranial and a 
spinal part. The pressures in these cranial and spinal portions differ by the 
posture-dependent hydrostatic pressure columns in the connecting vessels. 
Jugular collapse is represented by a reduction of the hydrostatic pressure 
difference between cranial and spinal veins. The CSF pressure‐volume 
relationship is implemented as a function of the local CSF to venous pressure 
gradient. This implies that an increase in CSF volume leads to a simultaneous 
displacement of blood from adjacent veins. CSF pulsations driven by the 
cardiovascular system are introduced through a pulsating cranial arterial volume. 
Results 
In upright posture, the implemented CSF pressure‐volume relationship shifts to 
lower cranial CSF pressures compared to the horizontal position, leading to a 
decrease in cranial CSF pressure when sitting up. Concurrently, the compliance 
of the spinal compartment decreases while the one of the cranial compartment 
increases. With this, in upright posture only 10% of the CSF system’s compliance 
is provided by the spinal compartment compared to 35% in horizontal posture. 
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This reduction in spinal compliance is accompanied by a caudal shift of CSF 
volume. Also, the ability of the spinal CSF compartment to compensate for 
cerebral arterial volume pulsations reduces in upright posture, which in turn 
reduces the calculated craniospinal CSF flow pulsations. 
Conclusion 
The mathematical model enabled us to isolate the effect of jugular collapse and 
quantify the induced shifts of compliance and CSF volume. The good 
concordance of the modelled changes with clinically observed values indicates 
that jugular collapse can be considered a major contributor to CSF dynamics in 
upright posture. 
4.2 Background 
Several pathologies of the central nervous system, like hydrocephalus and 
syringomyelia, are caused or characterized by altered cerebrospinal fluid (CSF) 
dynamics. Therefore, the treatment of these conditions typically aims at restoring 
physiological circulation of CSF and requires profound knowledge of the 
underlying pathophysiology. However, CSF dynamics are mostly studied in 
horizontal posture, even though we spend most of our time upright and CSF 
dynamics fundamentally change with posture. For example, sitting up not only 
leads to changes in intracranial pressure (ICP), but also to a caudal shift of CSF 
volume and an inversion of the compliance distribution between the cranial and 
the spinal part of the CSF system. This inversion of the craniospinal compliance 
was first observed by Magnaes in a small number of subjects [73]. In a recent 
study by Alperin et al. [3], the pulse amplitude of craniospinal CSF flow recorded 
with magnetic resonance imaging (MRI), decreased in sitting posture, which 
supports the findings of Magnaes. In CSF shunts, anti-siphon devices are used to 
counteract posture-related changes in pressures. However, the diversity of 
functional principles on which these devices are based, indicates that the 
mechanisms of the posture-related changes in CSF dynamics and their link to 
hemodynamics are largely unknown [3]. Knowing the causalities of these 
interactions would contribute to the understanding of individual pathologies and 
to the choice of the most appropriate treatment option, especially in the context 
of various comorbidities typically seen in these patients. 
What we do know is that CSF pressure in equilibrium conditions is a function of 
venous pressure through Davson’s equation [3], and that at least cranial venous 
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pressure changes with posture due to hydrostatic gradients along the blood 
vessels. Also, cranial venous pressure changes with the state of the jugular veins: 
when they collapse in upright posture venous resistance increases, reducing both 
the posture-related decrease in cranial venous pressure and in CSF pressure [53, 
81, 88]. 
We hypothesized that the collapse of the jugular veins when upright not only 
affects mean ICP, but that it also causes the aforementioned caudal shift of CSF 
volume: interruption of the venous hydrostatic pressure column decreases the 
cranial CSF to venous pressure gradient by diminishing the reduction in cranial 
venous pressure when sitting up. Due to the exponential nature of the CSF 
system’s pressure volume relationship [74], this in turn, increases cranial 
compliance in upright posture. At the same time, the non-interrupted hydrostatic 
pressure column leads to an increased CSF to venous pressure gradient below the 
level of the jugular veins, causing the observed caudal shift of CSF volume. 
Consequently, the spinal dural sac volume increases, reducing the compliance of 
the spinal CSF space [73]. 
We aimed at testing this hypothesis by implementing a mathematical model of 
the CSF system and the relevant parts of the cardiovascular system. This has 
enabled us to isolate the effect of jugular vein collapse and quantify the induced 
shifts of compliance and CSF volume. These estimated changes in CSF dynamics 
were then compared to the measurements of Magnaes [73]. Testing the 
hypothesis without a mathematical model would be difficult, as jugular collapse 
can hardly be avoided in vivo. To allow for further model validation, we 
computed changes in craniospinal CSF flow secondary to changes in 
craniospinal compliance distribution. Unlike the distribution of compliance 
itself, changes in CSF flow can be easily measured with MRI and used as 
surrogate for changes in compliance distribution. With this, we were able to 
validate the model by comparing the craniospinal flow rates estimated by the 
model to reported flow rates recorded in supine and sitting posture [3, 85, 110]. 
4.3 Methods 
We used a lumped parameter description of the interaction between the CSF and 
cardiovascular systems as shown in Figure 4.1. As most of the CSF system’s 
compensatory reserve is provided by concurrent venous volume adaptation, the 
CSF pressure-volume relationship was implemented as a function of the local 
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CSF to venous pressure gradient [51, 98]. This implies that an increase in CSF 
volume leads to a simultaneous displacement of venous blood from adjacent 
veins. In upright posture, hydrostatic pressure gradients between different 
locations in the CSF space and in the venous system become relevant. In our 
model, the CSF space and the venous compartment were divided into a cranial 
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Figure 4.1: Model schematic: interaction between CSF and cardiovascular systems in 
upright posture. In the mathematical model, CSF and venous blood are divided into cranial 
and spinal compartments. The corresponding pressures at the cranial (𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐  and 𝑝𝑝𝑣𝑣𝑐𝑐 ) and 
spinal (𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐  and 𝑝𝑝𝑣𝑣𝑐𝑐 ) level differ by hydrostatic pressure columns that are characterized 
by the distances 𝑙𝑙𝑎𝑎𝑐𝑐 and 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔. The interaction of CSF and venous blood is determined by 
the local pressure-volume relationships (Δ𝑉𝑉 𝑐𝑐  and Δ𝑉𝑉 𝑎𝑎).  The pulsating arterial blood flow 𝑄𝑄𝑎𝑎 leads to a pulsating change in the cranial arterial blood volume Δ𝑉𝑉𝑎𝑎, which is 
compensated by craniospinal flows of CSF and venous blood (𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶  and 𝑄𝑄𝑣𝑣). CSF 
formation (𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓) and absorption (𝑄𝑄𝑎𝑎𝑏𝑏𝑎𝑎) are also indicated. 
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and a spinal portion, and CSF and venous pressures were evaluated at these two 
locations. While in horizontal posture these cranial and spinal pressures are 
approximately equal, they differ in upright posture due to the hydrostatic 
gradients in the connecting vessels. If the jugular veins did not collapse in upright 
posture, spinal and cranial venous pressures would differ by the same hydrostatic 
pressure column as spinal and cranial CSF pressure, respectively. However, in 
upright posture and for reasonably low central venous pressures, this hydrostatic 
pressure gradient is interrupted by the collapsing jugular veins [81, 88]. The 
collapsed segment of the jugular veins acts as a differential pressure valve with 
opening pressure equal to ambient pressure. Therefore, in upright posture, 
cerebral venous outflow is partly redirected through the high-resistance pathway 
presented by the vertebral veins, and venous pressure at the site of the collapse, 
is regulated to ambient pressure by the jugular veins [88]. Thus, cerebral venous 
pressure is only determined by the hydrostatic pressure gradient above the site of 
the collapse [81, 88]. The reference level of the spinal portion was chosen such 
that the spinal venous pressure is independent of posture. In contrast to the 
venous blood vessels, the hydrostatic column in the CSF system was assumed to 
be uninterrupted. 
Cerebrospinal fluid pulsations driven by the cardiovascular system were 
accounted for through a pulsating cranial arterial volume. The pulsations of this 
arterial volume were based on recorded flow rates in the internal carotid and 
vertebral arteries. As CSF competes with the arterial pulsations for the available 
compliance, the arterial volume was added to the cranial CSF volume. 
Instantaneous flow rates for CSF and venous blood between cranial and spinal 
compartments were calculated based on a volume balance, assuming constant 
cranial volume (Monroe-Kelly doctrine). 
4.3.1 Model derivation 
Local pressure-volume relationships 
The pressure gradient Δ𝑝𝑝 between the CSF pressure 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶  and the venous 
pressure 𝑝𝑝𝑣𝑣 required for the displacement of venous blood was described by an 
exponential function: 
Δ𝑝𝑝 = 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑝𝑝𝑣𝑣 = 𝑝𝑝1 ⋅ 𝑎𝑎𝐸𝐸⋅Δ𝑉𝑉 + 𝑝𝑝0 , (4.1) 
where Δ𝑉𝑉  is the CSF volume increase from baseline (supine equilibrium), and 𝐸𝐸, 𝑝𝑝1, and 𝑝𝑝0 are constants (Table 4.1). This exponential function was derived 
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from the exponential pressure-volume relation originally described by Marmarou 
[8, 25, 74]: 
𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑝𝑝1 ⋅ 𝑎𝑎𝐸𝐸⋅Δ𝑉𝑉 + 𝑝𝑝0𝑀𝑀  , (4.2) 
where the reference pressure 𝑝𝑝0𝑀𝑀  is the sum of the postural pressure component 𝑝𝑝0 and the venous pressure 𝑝𝑝𝑣𝑣𝑎𝑎  [51, 89]. Describing the pressure-volume relation 
as a function of the CSF to venous pressure gradient, Δ𝑝𝑝, allows changes in 
venous pressure to be accounted for [51, 98]. In the model, the CSF space and 
the venous compartment were divided into a cranial and a spinal part. Thus, an 
increase in CSF volume can be compensated by a displacement of venous blood 
from the cranium (Δ𝑉𝑉 𝑐𝑐) or from venous vessels adjacent to the spinal canal and 
the spinal thecal sac (Δ𝑉𝑉 𝑎𝑎): 
Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢 = Δ𝑉𝑉 𝑐𝑐 + Δ𝑉𝑉 𝑎𝑎 . (4.3) 
In horizontal posture, where cranial and spinal CSF as well as venous pressures 
can be assumed equal (𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 = 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎  and 𝑝𝑝𝑣𝑣𝑐𝑐 = 𝑝𝑝𝑣𝑣𝑎𝑎), the combined pressure-
volume relationship Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢 must be equal to the established relation (Eq. 4.2). 
Thus, the local pressure-volume relationships in the spinal and the cranial 
compartment were implemented as in Eq. 4.1, but as functions of the respective 
local CSF to venous pressure gradients: 
Δ𝑉𝑉 𝑐𝑐�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � = (1 − 𝑘𝑘𝑉𝑉 ) ⋅ 1𝐸𝐸 ⋅ ln �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 −𝑝𝑝𝑣𝑣𝑐𝑐 −𝑝𝑝0𝑝𝑝1 � (4.4) 
Δ𝑉𝑉 𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 � = 𝑘𝑘𝑉𝑉 ⋅ 1𝐸𝐸 ⋅ ln �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 −𝑝𝑝𝑣𝑣𝑎𝑎−𝑝𝑝0𝑝𝑝1 � . (4.5) 
Here, 𝑘𝑘𝑉𝑉  is a constant that describes the portion of the total compensatory reserve 
of the CSF system attributed to the spinal compartment. In horizontal posture, 𝑘𝑘𝑣𝑣 
is the spinal compliance contribution as measured by Magnaes [73]. 
Hydrostatic pressure gradients 
In upright posture, spinal CSF pressure 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎  is higher than the cranial CSF 
pressure 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐  due to the hydrostatic pressure column of length 𝑙𝑙𝑎𝑎𝑐𝑐: 
𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 = 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 + 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 ⋅ 𝑔𝑔 ⋅ 𝑙𝑙𝑎𝑎𝑐𝑐  , (4.6) 
where 𝑙𝑙𝑎𝑎𝑐𝑐  is the vertical distance between the reference points of the spinal and 
the cranial compartments (Figure 4.1), 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶  is CSF density, and 𝑔𝑔 is gravitational 
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acceleration. 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐  is often referred to as ICP. If lumbar CSF pressure is 
measured, Eq. 4.6 is accounted for by sensor calibration [88]. 
For the spinal part of the model, the hydrostatic indifference point of the venous 
system was chosen as the reference location. Thus, the spinal venous pressure 𝑝𝑝𝑣𝑣𝑎𝑎  
was assumed to be independent of posture.  
Without collapse of the jugular veins, cranial and spinal venous pressures would 
also differ by a hydrostatic column of length 𝑙𝑙𝑎𝑎𝑐𝑐: 
𝑝𝑝v𝑐𝑐 = 𝑝𝑝𝑣𝑣𝑎𝑎 − 𝜌𝜌𝑏𝑏𝑙𝑙𝑓𝑓𝑓𝑓𝑑𝑑 ⋅ 𝑔𝑔 ⋅ 𝑙𝑙𝑎𝑎𝑐𝑐  . (4.7) 
However, since venous pressure is equal to ambient pressure at the location 
where the jugular veins collapse, cerebral venous pressure is determined by the 
hydrostatic pressure gradient of length 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔 instead [81, 88]: 
𝑝𝑝𝑣𝑣𝑐𝑐 = −𝜌𝜌𝑏𝑏𝑙𝑙𝑓𝑓𝑓𝑓𝑑𝑑 ⋅ 𝑔𝑔 ⋅ 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔 (4.8) 
𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔 is the distance between the upper end of the jugular collapse and the reference 
point of the cranial compartment. 
Using Eqs. 4.6 and 4.8, the CSF pressure-volume relationships (Eqs. 4.4 and 4.5) 
can also be written, for the upright posture, as a function of only the cranial CSF 
pressure (𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ): 
Δ𝑉𝑉 𝑐𝑐�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 = (1 − 𝑘𝑘𝑉𝑉 ) ⋅ 1𝐸𝐸 ⋅ ln �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 +𝜌𝜌𝑏𝑏𝑙𝑙𝑓𝑓𝑓𝑓𝑑𝑑⋅𝑔𝑔⋅𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔−𝑝𝑝0𝑝𝑝1 � (4.9) 
Δ𝑉𝑉 𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 = 𝑘𝑘𝑉𝑉 ⋅ 1𝐸𝐸 ⋅ ln �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 +𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 ⋅𝑔𝑔⋅𝑙𝑙𝑎𝑎𝑐𝑐−𝑝𝑝𝑣𝑣𝑎𝑎−𝑝𝑝0𝑝𝑝1 � . (4.10) 
Compliance 
Compliance 𝐶𝐶  is defined as change of volume relative to the corresponding 
change in pressure [74]. It was calculated analytically as the slope of the 
pressure-volume curves (Eqs. 4.4, 4.5, 4.9, and 4.10): 
𝐶𝐶𝑐𝑐�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��ℎ𝑓𝑓𝑟𝑟 = 𝑑𝑑Δ𝑉𝑉 𝑐𝑐𝑑𝑑𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 �ℎ𝑓𝑓𝑟𝑟 = 1−𝑘𝑘𝑉𝑉𝐸𝐸 ⋅ 1𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 −𝑝𝑝𝑣𝑣𝑎𝑎−𝑝𝑝0 (4.11) 
𝐶𝐶𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��ℎ𝑓𝑓𝑟𝑟 = 𝑑𝑑Δ𝑉𝑉 𝑎𝑎𝑑𝑑𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 �ℎ𝑓𝑓𝑟𝑟 = 𝑘𝑘𝑉𝑉𝐸𝐸 ⋅ 1𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 −𝑝𝑝𝑣𝑣𝑎𝑎−𝑝𝑝0 (4.12) 
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𝐶𝐶𝑐𝑐�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 = 𝑑𝑑Δ𝑉𝑉 𝑐𝑐𝑑𝑑𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 �𝑗𝑗𝑝𝑝 = 1−𝑘𝑘𝑉𝑉𝐸𝐸 ⋅ 1𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 +𝜌𝜌𝑏𝑏𝑙𝑙𝑓𝑓𝑓𝑓𝑑𝑑⋅𝑔𝑔⋅𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔−𝑝𝑝0 (4.13) 
𝐶𝐶𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 = 𝑑𝑑Δ𝑉𝑉 𝑎𝑎𝑑𝑑𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 �𝑗𝑗𝑝𝑝 = 𝑘𝑘𝑉𝑉𝐸𝐸 ⋅ 1𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 +𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 ⋅𝑔𝑔⋅𝑙𝑙𝑎𝑎𝑐𝑐−𝑝𝑝𝑣𝑣𝑎𝑎−𝑝𝑝0 . (4.14) 
CSF formation and absorption 
The rate of CSF formation 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 was implemented as posture independent and 
constant [25] (Table 4.1). The cranial and the spinal CSF absorption rates were 
assumed to be proportional to the local CSF to venous pressure gradient, Δ𝑝𝑝𝑖𝑖: 
𝑄𝑄𝑎𝑎𝑏𝑏𝑎𝑎𝑖𝑖 (Δ𝑝𝑝𝑖𝑖) = �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 − 𝑝𝑝𝑣𝑣𝑖𝑖 �/𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑖𝑖   (4.15) 
where 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑖𝑖  is the local CSF outflow resistance. While the overall outflow 
resistance 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢  can be determined clinically [91], its craniospinal distribution 
characterized by the coefficient, 𝑘𝑘𝑅𝑅, is generally unknown. 
1𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 =  𝑘𝑘𝑅𝑅/𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢���1/𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎
+ (1 − 𝑘𝑘𝑅𝑅)/𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢����� ����
1/𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑐𝑐
  (4.16) 
Model parameters 
The parameters used for the calculations in this study (Table 4.1) are 
characteristic for patients with normal pressure hydrocephalus (NPH). They 
describe a patient with 12.5 mmHg resting intracranial pressure (𝐻𝐻𝐶𝐶𝐻𝐻𝑟𝑟). 
Sensitivity Analysis 
To analyze the sensitivity of the investigations with respect to the employed 
parameter values, a three step sensitivity analysis was performed. First, all 
calculations were repeated with a second parameter set (𝐸𝐸 = 0.1 mL-1, 𝑝𝑝1 = 10 mmHg, 𝑝𝑝0 = -5.3 mmHg, 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 = 13.4 mmHg/(mL/min)) that describes 
physiological CSF dynamics [93]. Second, the parameters determining the 
hydrostatic gradients within the CSF and the venous system (𝑙𝑙𝑎𝑎𝑐𝑐 , 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔, and 𝑝𝑝𝑣𝑣𝑎𝑎) 
were varied within reported standard deviations (𝑙𝑙𝑎𝑎𝑐𝑐 = 33.8 ± 2.5 cm, 𝑝𝑝𝑣𝑣𝑎𝑎 = 5.3 ±2.5 mmHg) [88] one at a time. Third, the compliance distribution assumed in 
horizontal position was varied by ±50% (𝑘𝑘𝑉𝑉 = 0.35 ± 0.175). 
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Table 4.1: Parameters, distinctive for normal pressure hydrocephalus. 
Parameter Symbol Value Unit Reference 
Elastance 𝐸𝐸 0.23 mL-1 [85, 86]* 
Exponential parameter 𝑝𝑝1 4 mmHg [86]* 
Offset pressure 𝑝𝑝0 3.2 mmHg [86]* 
Rate of CSF formation 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 0.35 mL/min [25] 
Total CSF outflow resistance 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢  20.6 mmHg/(mL/min) [25, 86]* 
Relative spinal compliance 𝑘𝑘𝑉𝑉  0.35 - [107] 
Spinal venous pressure 𝑝𝑝𝑣𝑣𝑎𝑎  5.3 mmHg [88] 
Distance between spinal and 
cranial reference points 
𝑙𝑙𝑎𝑎𝑐𝑐 33.8 cm [88] 
Distance between jugular veins 
and cranial reference point 
𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔 11.0 cm [88] 
Density of CSF 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶  1000 kg/m3  
Density of blood 𝜌𝜌𝑏𝑏𝑙𝑙𝑓𝑓𝑓𝑓𝑑𝑑  1060 kg/m3  
Gravitational acceleration 𝑔𝑔 9.81 m/s2  
Relative spinal outflow 
conduction 
𝑘𝑘𝑅𝑅 n/a# -  
* Computed from data given in the referenced work: 𝐸𝐸 = ln(𝑅𝑅𝐻𝐻𝐻𝐻𝐶𝐶 + 1) /Δ𝑉𝑉a [69], 𝑝𝑝1 =𝐻𝐻𝐶𝐶𝐻𝐻𝑟𝑟 − 𝑝𝑝0 − 𝑝𝑝𝑣𝑣𝑎𝑎 , 𝑝𝑝0 = 𝑝𝑝0𝑀𝑀 − 𝑝𝑝𝑣𝑣𝑎𝑎 , 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 = (𝐻𝐻𝐶𝐶𝐻𝐻𝑟𝑟 − 𝑝𝑝𝑣𝑣𝑎𝑎)/𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 [32]. 
# The value of this parameter is unknown. It is estimated in this study. 
Cranial arterial volume 
Given that arterial pressure is substantially higher than CSF pressure in all but 
the most extreme pathologic conditions, arterial blood flow rate to the cranium 𝑄𝑄𝑎𝑎 was assumed unaffected by CSF dynamics. Therefore, the change in cranial 
arterial volume can be derived from in vivo measurements of 𝑄𝑄𝑎𝑎. We used flow 
rates recorded by phase-contrast MRI in the internal carotid and vertebral arteries 
as arterial blood flow,  𝑄𝑄𝑎𝑎. These flow rates were obtained from the average of 
16 NPH patients [85]. Additionally, the flow rates of a healthy volunteer in 
supine and sitting position [3] were applied to validate the predicted changes in 
craniospinal CSF flow. 
The flows leaving the cranial arterial compartment are the capillary blood flow 
and the rate of CSF formation, both of which were assumed non-pulsatile. 
Therefore, the volume balance in the cranial arterial compartment reduces to 
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Δ𝑉𝑉𝑎𝑎(𝑢𝑢) = ∫ 𝑄𝑄𝑎𝑎𝑢𝑢0 (𝑢𝑢) − 𝑄𝑄𝑎𝑎� 𝑑𝑑𝑢𝑢  , (4.17) 
where 𝑄𝑄𝑎𝑎�  is the mean arterial flow rate over one cardiac cycle. 
4.3.2 Evaluation 
Sitting up 
Immediately upon sitting up, total CSF volume is identical to the equilibrium 
volume in horizontal position. In other words, the change in total CSF volume is 
initially zero. The corresponding CSF pressure in upright posture was determined 
by numerically solving 
Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 =! Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��ℎ𝑓𝑓𝑟𝑟 = 0 (4.18) 
for the cranial CSF pressure 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 . While total CSF volume will not change 
immediately after changing posture, a rapid caudal shift of CSF volume through 
the unrestricted CSF pathways can be expected. This shifted volume corresponds 
to the change in spinal CSF volume Δ𝑉𝑉 𝑎𝑎 (Eq. 4.10) evaluated at the above 
calculated CSF pressure. 
Upright equilibrium 
The upright equilibrium is reached when CSF absorption and formation rates are 
equal. However, the pressure-dependent CSF absorption rate can only be 
calculated for a known craniospinal absorption distribution (𝑘𝑘𝑅𝑅). Thus, 
Magnaes’ observation [1] of unchanged total compliance in upright posture was 
used to determine CSF pressure in upright equilibrium: 
𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��𝑗𝑗𝑝𝑝 =! 𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ��ℎ𝑓𝑓𝑟𝑟 (4.19) 
Then, the ratio 𝑘𝑘𝑅𝑅 that leads to equal CSF formation and absorption at this CSF 
pressures was calculated: 
𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 =! 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 −𝑝𝑝𝑣𝑣𝑐𝑐𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑐𝑐 + 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 −𝑝𝑝𝑣𝑣𝑎𝑎𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎= 𝑘𝑘𝑅𝑅𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 − 𝑝𝑝𝑣𝑣𝑐𝑐� + 1−𝑘𝑘𝑅𝑅𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 − 𝑝𝑝𝑣𝑣𝑎𝑎�
 . (4.20) 
Simulation of craniospinal flow rates 
Any increase or decrease in volume of one entity (fluids and tissue) within the 
cranium has to be compensated, respectively, by an equivalent volume decrease 
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or increase of the other entities (Monroe-Kelly doctrine) [54]. Therefore, the 
pulsating volume increase of arterial blood in the cranium Δ𝑉𝑉𝑎𝑎 (Eq. 4.17) has to 
be compensated by a reduction in CSF or venous blood volume. Similar to 
changes in cranial CSF volume, a change in the cranial arterial volume can be 
compensated by either a shift of CSF from or to the spinal compartment or a 
reduction or increase of cranial venous blood volume. With this, cranial arterial 
blood directly competes with CSF for the available compliance, and the total 
amount of displaced venous blood Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢 is equal to the sum of changes in CSF 
volume Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶  and arterial volume Δ𝑉𝑉𝑎𝑎(𝑢𝑢): 
Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢) + Δ𝑉𝑉𝑎𝑎(𝑢𝑢) =! Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � (4.21) 
Solving this equation for the cranial CSF pressure 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐  allows for determining 
the current pressure-dependent CSF absorption rates and calculating the CSF 
volume Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 , which may fluctuate throughout a cardiac cycle: 
𝜕𝜕𝜕𝜕𝑢𝑢 Δ𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢) = 𝑄𝑄𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 − 𝑄𝑄𝑎𝑎𝑏𝑏𝑎𝑎𝑐𝑐 �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � − 𝑄𝑄𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎 �𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � . (4.22) 
The CSF volume and the cranial CSF pressure during a cardiac cycle were 
computed by solving this system of differential-algebraic equations (Eqs. 4.21 
and 4.22) using the Matlab (The MathWorks, Inc., Natick, MA, USA) variable-
order solver ‘ode15s’. 
Based on these computations, the CSF flow rate into the spinal compartment was 
calculated as the change in spinal CSF volume: 
𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢) = 𝜕𝜕𝜕𝜕𝑢𝑢 Δ𝑉𝑉 𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 (𝑢𝑢)� , (4.23) 
and the craniospinal venous flow rate was calculated based on a volume balance 
in the cranium: 
𝑄𝑄𝑣𝑣(𝑢𝑢) = 𝑄𝑄𝑎𝑎(𝑢𝑢) − 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶 (𝑢𝑢). (4.24) 
4.4 Results 
After calculating the local and total pressure-volume relationships of the CSF 
space in horizontal and upright posture, these correlations were used to derive 
the local and total compliances. Based on this, CSF volume and pressure in 
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upright posture were determined under the assumption of unchanged CSF 
volume (Eq. 4.18) or under the assumption of unchanged total compliance 
(Eq. 4.19). The posture-related volume and compliance shifts were then 
evaluated under these two conditions. Finally, the model output was calculated 
(Eqs. 4.21 and 4.22) for one cardiac cycle and the craniospinal flow rates of 
blood and CSF were derived (Eqs. 4.23 and 4.24) as a basis for discussion of 
model validity. 
4.4.1 Pressure-volume relationships 
In horizontal position, cranial and spinal CSF and venous pressures are equal. 
The overall pressure-volume relationship was thus described by Eq. 4.1. In 
upright posture, the local pressure-volume relationships shifted to lower cranial 
CSF pressures (Eqs. 4.9 and 4.10) compared to the horizontal position (Figure 
4.2a). Hereby, the shift of the spinal pressure-volume relationship Δ𝑉𝑉 𝑎𝑎�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � 
was determined by the distance between the spinal and the cranial reference 
point, 𝑙𝑙𝑎𝑎𝑐𝑐 . With the assumption that the jugular veins collapse in upright posture, 
the shift of the cranial pressure-volume relationship (Δ𝑉𝑉 𝑐𝑐�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 �) is reduced to 
a hydrostatic pressure column of length 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔. The overall pressure-volume 
relationship Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢�𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 � was found by summation of these two local pressure-
volume relationships (Eq. 4.3). 
4.4.2 Compliance 
In Figure 4.2b, the local compliances derived analytically from the 
corresponding pressure-volume relationships (Eq. 4.11 - 4.14) were plotted 
along with the combined total compliance for horizontal and upright posture. 
Similar to the total pressure-volume relationship, the total compliance shifted 
towards lower cranial CSF pressures in upright posture. Due to a steep increase 
of the cranial compliance at low CSF pressures, the cranial compartment became 
the dominant source of compliance at cranial CSF pressures below 
approximately 0 mmHg. 
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4.4.3 Posture change 
The resulting cranial CSF pressure in upright posture without any change in CSF 
volume, which corresponds to the conditions directly after sitting up from 
horizontal position, was -3.3 mmHg. This decrease in cranial CSF pressure was 
accompanied by a shift of CSF from the cranial to the spinal compartment (Δ𝑉𝑉 𝑎𝑎 
in Table 4.2). The condition of equal compliance in horizontal and upright 
posture was satisfied for a cranial CSF pressure of -2.5 mmHg as depicted in 
Figure 4.2b. It required a slight increase in total CSF volume (Table 4.2). Despite 
this increase in total CSF volume, the amount of cranial CSF was smaller than in 
horizontal equilibrium. Furthermore, in equilibrium, the rate of CSF absorption 
has to match the rate of formation. In upright posture, this was achieved for 𝑘𝑘𝑅𝑅 = 0.10. In other words, the spinal resistance to CSF outflow was around nine times 
the cranial resistance to CSF outflow (Eq. 4.16). While this meant that in 
horizontal position 10% of the CSF absorption occurred within the spinal 
compartment, it equated to 24% spinal absorption in upright posture due to the 
increased CSF to venous pressure gradient in the spinal compartment. 
Table 4.2: Cerebral CSF pressure (𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 ), total, cranial, and spinal change in CSF volume 
(Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢, Δ𝑉𝑉 𝑐𝑐 , and Δ𝑉𝑉 𝑎𝑎), total compliance (𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢), and spinal compliance (𝐶𝐶𝑎𝑎) in upright 
posture are shown in comparison to their reference values in horizontal position. The 
values were calculated under the two alternative assumed conditions of unchanged 
volume (Eq. 4.18) and unchanged total compliance (Eq. 4.19) relative to the horizontal 
position. 
Posture  Horizontal  Upright 
Condition  -  Eq. 4.18 Eq. 4.19  𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐   mmHg 12.5   -3.3  -2.5 Δ𝑉𝑉 𝑢𝑢𝑓𝑓𝑢𝑢  mL 0.0  0 1.0 Δ𝑉𝑉 𝑐𝑐   mL 0.0   -1.8  -0.9 Δ𝑉𝑉 𝑎𝑎  mL 0.0   1.8  1.9 𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢  mL/mmHg 1.1  1.5 1.1 𝐶𝐶𝑎𝑎/𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢  % 35  8 10 1 − (𝐶𝐶𝑎𝑎/𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢)/ 𝑘𝑘𝑉𝑉  % 0  77 71 
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4.4.4 Compliance shift 
As mentioned before, in upright posture the importance of cranial compliance 
increased for low CSF pressures. In upright equilibrium, only 10% of the total 
compliance were provided by the spinal compartment. This corresponded to a 
71% reduction relative to the spinal compartment’s contribution in upright 
posture (Table 4.2). Under the condition of no change in total CSF volume after 
sitting up, the total compliance in upright posture strongly increased due to the 
steep increase in cranial compliance at low CSF pressure. Consequently, the 
contribution of the spinal compartment towards overall compliance became even 
lower. 
4.4.5 Sensitivity 
We analyzed the sensitivity of the reported results to changes in the nominal 
parameter values (Table 4.1). This nominal parameter set describes an NPH 
patient. The physiologic parameter set used to analyze the sensitivity of the 
model towards changes in the parameters 𝐸𝐸, 𝑝𝑝1, 𝑝𝑝0, and 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢  describes a subject 
with slightly lower CSF pressure in horizontal position. Also, the calculated 
cranial CSF pressure in upright posture was lower in the physiologic case 
(-6.6 mmHg after sitting up and -5.9 mmHg in upright equilibrium) compared to 
the NPH parameter set. The caudal shift of CSF volume caused by sitting up 
(Δ𝑉𝑉 𝑎𝑎 in Table 4.2) was slightly higher (2.1 mL with the physiologic parameter 
set compared to 1.8 mL in the NPH case). The shift in compliance was not as 
pronounced as for the NPH parameter set, but the contribution of the spinal 
compartment to the total compliance still reduced to 18% in upright posture. 
For a longer hydrostatic pressure column in the CSF system (𝑙𝑙𝑎𝑎𝑐𝑐 = 36.3 cm), the 
effect of posture increased as the initial volume shift increased to 2.0 mL (not 
presented in Table 4.2), and the contribution of the spinal compliance in upright 
equilibrium decreased to 7%. Conversely, increased spinal venous pressure 𝑝𝑝𝑣𝑣𝑎𝑎  
reduced the effect of the jugular vein collapse. Consequently, spinal compliance 
in upright equilibrium was still 12% and the initial CSF volume shift was reduced 
to 1.5 mL for 7.7 mmHg spinal venous pressure. 
When using different values for the compliance contribution of the spinal 
compartment in horizontal position (𝑘𝑘𝑉𝑉 ), the caudal shift in CSF volume changed 
almost proportionally. For example, Δ𝑉𝑉 𝑎𝑎 reduced to 1.0 mL when 𝑘𝑘𝑉𝑉  was 
reduced by 50% (𝑘𝑘𝑉𝑉 = 0.175) and increased to 4.2 mL when 𝑘𝑘𝑉𝑉  was increased 
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by 50% (𝑘𝑘𝑉𝑉 = 0.525). However, even for such large variations in the compliance 
distribution (±50%), the reduction of the relative spinal compliance remained 
between 70 and 82% of its value in horizontal position (1 - (𝐶𝐶𝑎𝑎/𝐶𝐶𝑢𝑢𝑓𝑓𝑢𝑢)/ 𝑘𝑘𝑉𝑉 ). 
4.4.6 Patent jugular veins 
Without the collapse of the jugular veins (Eq. 4.7 instead of Eq. 4.8) only the 
difference in density can lead to shifts in CSF volume and compliance 
distribution when changing posture. In this modified model with patent jugular 
veins in upright posture, 0.4 mL of CSF flowed from the spinal into the cranial 
compartment when sitting up from horizontal. Cranial CSF pressure in upright 
posture decreased further (to -13.3 mmHg) with patent jugular veins compared 
to the case with collapsed jugular veins (-3.3 mmHg). 
4.4.7 Cardiac pulsations 
The pulsatile arterial inflow 𝑄𝑄𝑎𝑎 measured in NPH patients [85] caused a cranial 
arterial volume pulsation with 1.8 mL stroke volume (difference between 
maximum and minimum arterial volume, Δ𝑉𝑉𝑎𝑎). This change in cranial arterial 
volume was compensated by craniospinal flows of CSF and venous blood with 
0.6 mL and 1.2 mL stroke volume, respectively (Figure 4.3, left column). This 
stroke volume of the craniospinal CSF flow was 35% of the arterial stroke 
volume, which corresponds to the analytical value of 𝑘𝑘𝑉𝑉 .The total CSF volume 
hardly changed during one cardiac cycle (less than 1 µL) due to negligible 
variations in CSF absorption during that short time frame. Nevertheless, the 
cardiac pulsations caused substantial CSF pressure amplitudes (1.6 mmHg).  The 
pulsation of the spinal CSF volume was directly proportional to the arterial 
waveform. By definition (Eq. 4.21), the remaining portion of the pulsatile arterial 
blood flow was compensated by fluctuations of craniospinal venous blood flow 
rate 𝑄𝑄𝑣𝑣. 
In upright posture, this picture changed (Figure 4.3, right column). While no 
change in arterial blood flow was prescribed, craniospinal CSF stroke volume 
was nevertheless reduced to 10% of the arterial stroke volume (0.2 mL). 
However, despite these changes in fluid dynamics and changes in absolute 
pressures, CSF pulse pressure amplitudes remained constant at 1.6 mmHg. 
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The simulated craniospinal CSF flow pulsations of a healthy subject in horizontal 
and upright position (Figure 4.4) differed from the corresponding measurements 
in supine and sitting posture [3] by a mean absolute error of 22 mL/min and 
21 mL/min, respectively. The physiological parameter set (𝐸𝐸 = 0.1 mL−1, 𝑝𝑝1 = 10 mmHg, 𝑝𝑝0 = −5.3 mmHg, 𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑢𝑢𝑓𝑓𝑢𝑢 = 13.4 mmHg/(mL/min)) was used for 
these simulations. 
4.5 Discussion 
4.5.1 Volume and compliance shifts 
Our model predicts a posture-dependent shift of the craniospinal compliance 
distribution caused by a caudal displacement of CSF volume. As previously 
observed by Magnaes [73], this CSF volume displacement in upright posture 
reduces the compliance provided by the spinal compartment including the spinal 
thecal sac. It is induced by the hydrostatic pressure column, which is greater in 
the CSF system compared to the veins, where it is interrupted by the collapsing 
jugular veins. The estimated shifts of CSF volume and compliance are in range 
of the observations of Magnaes [73], although he assumed a much higher 
contribution of the spinal compartment to compliance than in this study [107]. 
Furthermore, the posture-dependent shift of the craniospinal compliance 
Figure 4.4: Comparison of simulated to measured CSF flow pulsation in horizontal and 
upright posture. Craniospinal CSF flow rates (𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶 ) were simulated in supine and 
upright posture, based on arterial inflow measured by Alperin et al. [3] in supine and 
sitting posture. The corresponding measured CSF pulsations are plotted as dashed lines. 
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distribution was also observed for large variations of the employed parameter 
values, indicating that our analysis is robust. 
4.5.2 Jugular collapse 
Without collapsing jugular veins, the model showed neither a caudal shift of CSF 
volume nor a cranial shift of the compliance distribution. Furthermore, the fall in 
cranial CSF pressure was greater than that observed clinically [81, 88]. As 
jugular collapse reduces this fall in pressure in upright posture, the jugular veins 
may be seen as serving a protective function for the brain. In hydrocephalus 
patients with ventriculoperitoneal or ventriculoatrial shunts, this protective 
mechanism is partially bypassed so that, without appropriate siphon prevention, 
ICP can decrease to levels as low as those predicted by our model without jugular 
collapse. 
4.5.3 Pressure-volume relationship 
The exponential pressure-volume relationship of the CSF system is well proven, 
at least for normal and reasonably increased CSF pressures (relative to the 
sagittal sinus pressure). However, for sufficiently decreased CSF volume, it 
implies infinite compliance. This attribute of the exponential pressure-volume 
relationship becomes especially problematic when applied to the cranial 
compliance in upright posture, because negative CSF to venous pressure 
gradients could easily be reached here. However, as such gradients were not 
reached in this study this limitation does not affect the results or conclusions 
reported herein. Nonetheless, extrapolation to low CSF pressures would be 
invalid (Figure 4.2). Therefore, a more accurate description of the pressure-
volume relationships would need to be used to study the effect of shunting on 
CSF dynamics [33, 86]. 
Only considering the mean venous pressure as counter-pressure for the pressure-
volume relationship might seem simplistic, as venous pressure varies over the 
different generations of venous vessels. However, the implemented pressure-
volume relationship captures this venous pressure variation and distribution with 
its exponential shape [19]. 
The only mechanism of compliance included in the model is the displacement of 
venous blood. While this mechanism is accepted as the main contributor to 
compliance in the cranium [98], this is less clear for the rest of the craniospinal 
space, especially for the spinal thecal sac. However, due to the high distensibility 
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of venous vessels [58], tissue pressure strongly correlates with venous pressure 
throughout the body. Therefore, it is reasonable to assume that venous pressure 
is the relevant counter-pressure to compliance in the entire CSF system. If the 
surrounding tissue itself could provide elastic recoil, part of the pressure-volume 
relation would have to be modelled independent of venous pressure. This would 
only then decrease the modelled compliance shift, if the elastic tissue were 
located intracranially, since the counter-pressure of the spinal compartment is 
already assumed to be independent of posture due to its proximity to the venous 
hydrostatic indifference point [88]. 
4.5.4 CSF absorption 
Before Magnaes [73] determined the craniospinal compliance distribution in 
some of his patients, similar experiments had been done in adult cats [74]. While 
in cats the spinal compartment appeared to be less important for compliance, it 
was still responsible for a significant portion of CSF absorption (16%). Similar 
proportions of the craniospinal CSF absorption distribution were predicted by 
our model under the condition of posture-independent total compliance. While 
this result supports the hypothesis that there is spinal CSF absorption, the exact 
proportion predicted by the model is sensitive to the employed equilibrium 
pressure in upright posture. Furthermore, the lengths of hydrostatic pressure 
columns were calculated based on the assumption of 100% cranial 
absorption [88]. Taking spinal absorption into account, the estimated value of 𝑙𝑙𝑗𝑗𝑗𝑗𝑔𝑔 would slightly increase, which would decrease the compliance shift predicted 
by our model. 
4.5.5 Craniospinal flows 
Pulsatile arterial inflow into the cranium were compensated by simultaneous 
craniospinal outflow of CSF and venous blood. Stroke volume and amplitude of 
the calculated CSF pulsations (Figure 4.3 and Figure 4.4) were very close to the 
respective values measured in vivo [3, 85, 110]. Even the reduction in CSF stroke 
volume was predicted well (Figure 4.4). These are strong indications that the 
increased resistance of the jugular veins in upright posture is responsible for the 
shift in compliance observed in vivo. Jugular vein collapse can thus be 
considered a major contributor to CSF dynamics in upright posture. The 
calculated overall CSF volume hardly changed within a cardiac cycle. Therefore, 
the ratio of the estimated CSF and the applied arterial stroke volumes was equal 
to the contribution of the spinal compartment to the overall compliance. In MRI 
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measurements, CSF and even more so the venous pulses are delayed compared 
to the arterial input. At least some of this delay can be attributed to wave 
propagation due to vascular distensibility [58]. In the model, these phase shifts 
between the calculated craniospinal waves were ignored with the implicit 
assumption of instantaneous transmission of pressures throughout the 
craniospinal space. However, when assuming that most of the phase shift 
originates from a wave propagation delay, it does not influence the compliance 
distribution estimated from the ratio of CSF and arterial stroke volume. In 
addition to being delayed, recorded venous pulsations appear damped compared 
to the modelled pulsations. This damping is probably caused by the Windkessel 
effect in the larger veins, which is not included in our model. However, the 
craniospinal venous flow rate is not only difficult to model, it is also difficult to 
measure with MRI as, especially in upright posture it is distributed over 
numerous small vessels. 
4.6 Conclusion 
Our results support the hypothesis that the jugular veins play an important role 
in posture-related changes of CSF dynamics, as their collapse in upright posture 
induces substantial changes in CSF pressure and compliance. 
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5 Control of active CSF shunts 
5.1 Introduction 
The number of revisions of current passive cerebrospinal fluid (CSF) shunts 
required after implantation due to over- and underdrainage is unacceptably high. 
This has led to the vision of an active CSF shunt, which is controlled based on 
sensor-feedback according to the physiological needs of the patient [72]. With 
the advancements of battery technology and the miniaturization of mechatronic 
devices in recent years, this vision of a smart CSF shunt is coming into reach. 
Thus, several concepts of smart CSF shunts have been suggested recently [72]. 
But, there is no consensus on the control of these devices. Ideally, CSF volume 
should be used as control variable. However, as CSF volume can only be 
measured clinically using magnet-resonance imaging (MRI) and ventricular 
volume sensors are not yet available [40], surrogate variables must be used to 
ensure physiologic drainage control. 
5.1.1 Mean ICP 
Current passive CSF shunts regulate CSF drainage rate based on mean 
intracranial pressure (ICP). Under physiologic conditions, the correlation 
between CSF volume 𝑉𝑉  and ICP is typically described by an exponential 
pressure volume relationship [25, 75]: 
𝐻𝐻𝐶𝐶𝐻𝐻 = 𝑝𝑝1 ⋅ 𝑎𝑎𝐸𝐸⋅𝑉𝑉 + 𝑝𝑝0 (5.1) 
Here, the constant parameters 𝑝𝑝1 and 𝐸𝐸 describe how ICP changes for an increase 
or decrease of CSF volume. The offset 𝑝𝑝0 entails hydrostatic pressure 
components, but also ambient pressure if ICP is absolute and not gauge pressure. 
The problem in a fully implanted device is that ambient pressure is not accessible 
and only absolute pressures are measurable. Therefore, the parameter 𝑝𝑝0 not only 
changes with posture, but also with altitude, and even with the weather. 
Furthermore, ICP probes are reportedly susceptible to drift [20, 78]. Hence, using 
mean ICP as reference signal is of limited applicability. 
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5.1.2 Pulse pressure amplitude (AMP) 
However, other control approaches, e.g. based on the ICP pulse waveform are 
feasible in more sensor-equipped active CSF shunts. The pulse waveform present 
in ICP originates from the pulsatile nature of the arterial blood flow. As normal 
brain function relies on adequate blood supply, cerebral blood flow is kept 
relatively constant under physiologic conditions by autoregulatory mechanisms 
[58]. However, cerebral blood flow is not steady, but strongly influenced by the 
systolic and diastolic phases. With every heartbeat, arterial blood is pushed into 
the cranium. As a consequence of these blood waves being dampened along the 
arterial tree, the volume of arterial blood in the cranium is fluctuating with the 
cardiac frequency. As the cranium can be viewed as a rigid container, in which 
brain tissue, blood and CSF interact, these cardiac-induced pulsations utilize part 
of the intracranial compliance. This is observable in a characteristic waveform 
of the ICP. The amplitude of these intracranial pressure pulsations (AMP) has 
been used as an indicator for intracranial compliance in clinical practice. 
Intracranial compliance describes the ability of the craniospinal space for 
accommodating additional volume. It is typically decreased in hydrocephalic 
patients. 
Figure 5.1: Due to the exponential relationship of intracranial pressure (ICP) and the CSF 
volume 𝑉𝑉  (Eq. 5.1), intracranial compliance decreases with increasing CSF volume. 
Assuming constant pulsatile cerebral blood volume, this leads to increasing pulse pressure 
amplitude (AMP) [25]. 
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The theoretical correlation of AMP or compliance and the CSF volume can be 
derived from the intracranial pressure-volume description (Eq. 5.1): 
𝐴𝐴𝑀𝑀𝐻𝐻 (𝑉𝑉 ) = 𝑑𝑑𝐻𝐻𝐶𝐶𝐻𝐻𝑑𝑑𝑉𝑉�𝐶𝐶 ⋅ Δ𝑉𝑉 = 𝑝𝑝1 ⋅ 𝐸𝐸 ⋅ Δ𝑉𝑉 ⋅ 𝑎𝑎
E⋅𝑉𝑉  , (5.2) 
where 𝐶𝐶 = 𝑑𝑑𝐻𝐻𝐶𝐶𝐻𝐻𝑑𝑑𝑉𝑉  is compliance [74]. While this correlation of AMP and CSF 
volume is independent of the parameter 𝑝𝑝0 – thus independent of posture – it does 
depend on the amplitude of the cerebral arterial volume pulsations Δ𝑉𝑉  (Figure 
5.1). 
5.1.3 Pulsatile cerebral blood volume (𝚫𝚫𝑽𝑽 ) 
Using AMP as estimator for CSF volume implicitly assumes that Δ𝑉𝑉  is constant. 
Under stable clinical conditions, the correctness of this assumption has been 
shown [8]. However, a change of total cerebral blood flow with posture [3] and 
physical activity has been reported [62]. Hence, fluctuations of Δ𝑉𝑉  are likely.  
Furthermore, Marmarou’s model (Eq. 5.1) does not account for compliance 
changes with posture. Whereas a constant compliance has been advocated in 
[73], more recent results attest a posture dependent intracranial compliance [3, 
52].  
5.1.4 Goal of the study 
Therefore, the aim of this study is to investigate the potential of AMP as the 
control variable for an active CSF shunt by quantifying its sensitivity to CSF 
volume and its independence of posture. 
5.2 Methods 
The use of the AMP as control variable for active CSF shunts was investigated 
in three steps: 
1. Calculation of its theoretical sensitivity to changes in CSF volume 
2. Evaluation of two AMP estimation methods and the required sampling 
rate of ICP 
3. Quantification of its posture dependence based on data from lumbar 
infusion tests. 
Chapter 5 – Control of active CSF shunts 
82 
5.2.1 Sensitivity 
To investigate the general suitability of AMP to estimate CSF volume, we 
determined the sensitivity of the estimator at resting conditions (𝑉𝑉 = 0). The 
sensitivity was calculated as the derivative of Eq. 5.2: 
𝑑𝑑𝑑𝑑𝑉𝑉 𝐴𝐴𝑀𝑀𝐻𝐻 (𝑉𝑉 ) = 𝑝𝑝1 ⋅ 𝐸𝐸2 ⋅ Δ𝑉𝑉 ⋅ 𝑎𝑎𝐸𝐸⋅𝑉𝑉  (5.3) 
using parameters distinctive of an idiopathic normal pressure hydrocephalus 
(iNPH) patient (Table 5.1). 
Table 5.1: Model parameters, distinctive for normal pressure hydrocephalus. 
Parameter Symbol Value Unit Reference 
Elastance 𝐸𝐸 0.23 mL-1 [85, 86]* 
Exponential parameter 𝑝𝑝1 4.0 mmHg [86]* 
Offset pressure 𝑝𝑝0 8.5 mmHg [86] 
pulsatile cerebral blood volume Δ𝑉𝑉  2.0 mL [85] 
* Computed from data given in the referenced work: 𝐸𝐸 = ln(𝑅𝑅𝐻𝐻𝐻𝐻𝐶𝐶 + 1) /Δ𝑉𝑉a [69], 𝑝𝑝1 =𝐻𝐻𝐶𝐶𝐻𝐻𝑟𝑟 − 𝑝𝑝0 
The drainage through today’s passive CSF shunts is mainly modulated by ICP. 
Thus, the sensitivity of ICP was calculated as a comparison: 
𝑑𝑑𝑑𝑑𝑉𝑉 𝐻𝐻𝐶𝐶𝐻𝐻 (𝑉𝑉 ) = 𝑝𝑝1 ⋅ 𝐸𝐸 ⋅ 𝑎𝑎𝐸𝐸⋅𝑉𝑉  (5.4) 
5.2.2 AMP estimation methods 
AMP is defined as the peak-to-peak amplitude of the cardiac ICP pulsations. It 
can be estimated from an ICP signal by directly calculating the amplitude in the 
time domain or in the frequency domain by using a discrete Fourier transform. 
With both methods, AMP was calculated and averaged over a 6-s window and 
the window was shifted in steps of 1 s. 
Time-domain estimation 
In the time domain, AMP is calculated by subtracting diastolic ICP from the 
highest ICP measured during the following pulse wave. However, it is not trivial 
to determine the relevant peaks and valleys from an ICP measurement. The 
method used here, is based on the method suggested by Eide [34]: In a first step, 
the ICP signal was filtered using a Bessel filter with 25 Hz cut-off frequency. 
5.2.  Methods 
83 
Then, all peaks and valleys of the filtered signal were detected through the zero-
crossings of its derivative. Thereby, the derivative was calculated with numerical 
differentiation. However, even the filtered signal contains irrelevant valley-peak 
pairs. To remove these irrelevant extreme values, three thresholds are applied: 
1. Valley-peak pairs with a rise time smaller than 0.08 s or larger than 
0.40 s were removed. 
2. If a peak was less than 1 mmHg higher than the preceding valley, the 
pair was removed. 
3. If a valley was less than 1 mmHg lower than the preceding peak, the 
pair was removed. 
The original method [34] used thresholds on absolute pressure values. However, 
this is not applicable under postural changes. Thus, the thresholds were 
reformulated and simplified to use pressure differences only. 
Frequency-domain 
To calculate AMP in the frequency domain [61], first, the linear trend within 
each 6-s-window was removed from the signal. Then, the frequency spectrum of 
the detrended signal was calculated using a fast Fourier transform (FFT) 
algorithm (Matlab fft function). To increase the resolution of the resulting 
frequency spectrum the 600 values of each window were padded with trailing 
zeros to length 4096. From this interpolated frequency spectrum, AMP was 
calculated from the maximum amplitude between 40 and 180 bpm. To obtain the 
peak-to-peak amplitude, AMP was calculated as twice this maximum amplitude. 
5.2.3 Sampling frequency 
The ICP measurement used in this study was recorded at 100 Hz sampling rate. 
To estimate the minimum required sampling rate, AMP was also calculated with 
downsampled signals. The ICP signal was resampled to 20, 10, and 5 Hz. 
Downsampling was done directly and by assuming that ICP is filtered by the 
sensor dynamics before sampling. For the direct resampling, every 5th, 10th, or 
20th value was used, respectively, For the filtered resampling, the arithmetic 
mean of 5, 10, or 20 measurement values, respectively, was used as the 
resampled value. This corresponds to physically filtering the ICP with a moving 
average filter before sampling. 
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5.2.4 Posture dependence 
According to Marmarou’s model (Eq. 5.2), AMP is independent of the patient’s 
posture. However, when looking at the more detailed model presented in 
Chapter 4 [52], compliance increases in upright posture by around one third 
(from 1.1 mL/mmHg to 1.5 mL/mmHg) when assuming unchanged CSF 
volume. 
To validate this estimate, we compared AMP of 4 NPH patients in supine and 
sitting posture. AMP was calculated from ICP measurements using the frequency 
domain method. The measurements were obtained as part of a lumbar infusion 
protocol. Prior to the actual infusion, resting ICP was determined in supine 
position for around 20-30 min. During this time, the patients were asked to sit up 
for around 3 min. Arithmetic mean and standard deviation of AMP and ICP were 
determined during these two periods. 
5.3 Results 
5.3.1 Sensitivity 
Generally, the sensitivity of AMP and ICP as estimators for the relative CSF 
volume are exponential functions of the CSF volume itself (Eqs. 5.3 and 5.4). 
Thus, the sensitivity of both estimators is low at resting conditions. For the 
parameters listed in Table 5.1, the absolute sensitivities of AMP and ICP at 
resting pressure are 0.42 mmHg/mL and 0.92 mmHg/mL, respectively. 
Both sensitivities increase with CSF volume, but independent of CSF volume, 
the absolute sensitivities of AMP and ICP differ by the constant factor 𝐸𝐸 ⋅ Δ𝑉𝑉 =0.46. Thus, the sensitivity of AMP is generally lower than the one of ICP. 
However, when comparing the relative sensitivities: 
� 𝑑𝑑𝑑𝑑𝑉𝑉 𝐴𝐴𝑀𝑀𝐻𝐻 (𝑉𝑉 )� /𝐴𝐴𝑀𝑀𝐻𝐻 (𝑉𝑉 )  = 𝐸𝐸 (5.5) 
� 𝑑𝑑𝑑𝑑𝑉𝑉 𝐻𝐻𝐶𝐶𝐻𝐻 (𝑉𝑉 )� /𝐻𝐻𝐶𝐶𝐻𝐻 (𝑉𝑉 ) = (𝑝𝑝1 ⋅ 𝐸𝐸 ⋅ 𝑎𝑎𝐸𝐸⋅𝑉𝑉 )/(𝑝𝑝1 ⋅ 𝑎𝑎𝐸𝐸⋅𝑉𝑉 + 𝑝𝑝0) , (5.6) 
the sensitivity of AMP is higher than the one of ICP. For example, at resting 
conditions (𝑉𝑉 = 0), the relative sensitivity of AMP is 0.23 mL−1, whereas the 
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one of ICP is only 0.074 mL−1. Thus, AMP increases by 100% for a volume 
increase of 14 mL. 
5.3.2 AMP estimation 
Time-domain method 
As illustrated in Figure 5.2, the time-domain method could reliably identify the 
minimum and the maximum ICP values of the pulse waves. However, due to 
thresholds 2 and 3, pulse waves with less than 1 mmHg were discarded. As this 
was frequently the case under resting conditions, AMP could not be calculated 
for more than 10% of the time windows in 3 of the 4 patients. 
Frequency-domain method 
In contrast to the time-domain method, the frequency-domain was capable of 
estimating a value for the AMP even in noisy situations and for small amplitudes. 
However, the values estimated with the frequency-domain method were 
consistently lower than the ones estimated with the time-domain method (Figure 
5.3). This distortion seemed to increase linearly with AMP. 
Figure 5.2: For sufficiently high AMPs (as in the shown 6-s window), the time domain 
(TD) method identifies the relevant peaks and valleys of the measured pulse waves (meas) 
reliably. The frequency domain (FD) method extracts the fundamental frequency and its 
amplitude. The ICP signal reconstructed from this fundamental frequency is plotted for 
comparison. 
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Sampling frequency 
With the direct downsampling method, decreasing the sampling frequency 
introduced a – mostly unbiased – error (Figure 5.4, left). Using the filtered 
downsampling method increased this harmonic distortion. Therefore, the 
estimated AMP decreases with the sampling frequency (Figure 5.4, right). 
5.3.3 Posture dependence 
When the patients sat up from supine position, ICP and AMP increased by 
20.8 ± 3.04 mmHg and 0.8 ± 0.5 mmHg, respectively. Both increases were 
statistically significant (one-sided t-test at a significance level of 𝑝𝑝 < 0.001) for 
all four patients. The values of ICP and AMP in supine and sitting posture for 
each of the four patients are listed in Table 5.2. 
  
Figure 5.3: The pulse pressure amplitude (AMP) values that were calculated with the 
frequency-domain (FD) method from the ICP measured during the infusion test of one 
patient are plotted against (a) the AMP calculated with the time-domain (TD) method and 
(b) against the mean ICP. 
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Table 5.2: Mean ± standard deviation (SD) of intracranial pressure (ICP) and pulse 
pressure amplitude (AMP) measured in supine and sitting posture during infusion tests. 
All values are given in mmHg. 
 Patient 1 Patient 2 Patient 3 Patient 4 
ICP (supine) 10.9 ± 0.8 10.1 ± 0.9  11.1 ± 0.4 10.8 ± 1.1 
ICP (sitting) 33.4 ± 2.9 28.9 ± 2.9 28.7 ± 2.8 35.4 ± 3.1 
AMP (supine) 0.41 ± 0.10 1.29 ± 0.53 0.93 ± 0.29 1.52 ± 0.33 
AMP (sitting) 1.35 ± 0.35 1.79 ± 0.42 1.56 ± 0.29 2.67 ± 0.39 
 
5.4 Discussion 
5.4.1 AMP estimation 
Estimation methods 
Both estimation methods introduced in this study – the time-domain and the 
frequency-domain estimation method – are capable of estimating AMP, at least 
for high sampling rates and sufficiently high AMPs. In using the time-domain 
Figure 5.4: The AMP estimated from downsampled ICP signals are shown in comparison 
to the values estimated from the original 100-Hz recording. The used recording is one 
complete infusion protocol. The recording was downsampled to 20, 10, and 5 Hz using 
direct (left) and filtered (right) resampling. AMP was estimated with the frequency 
domain method in both cases. 
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method, there is a trade-off between noise attenuation and the minimum 
detectable AMP, because noise attenuation is achieved by neglecting all ICP 
increases below a certain threshold. With the thresholds used in this study, this 
renders the time-domain method unusable at resting conditions for most patients. 
The number of discarded pulse waves could be lowered by decreasing thresholds 
2 and 3. However, this would distort the calculated AMP under noisy conditions. 
The AMP estimated with the frequency-domain method is lower than the peak-
to-peak amplitude estimated with the time-domain method due to harmonic 
distortion [61]. However, as long as the changes in the pulse waveform are small, 
this does not change the correlation properties of CSF volume and AMP, because 
the correlating parameter Δ𝑉𝑉  is generally unknown and must be fitted 
empirically anyway. 
Sampling rate 
In an implanted device with limited computational power and energy constraints, 
a minimized sampling frequency would be beneficial. The theoretical lower limit 
for the sampling rate of the ICP signal is the Nyquist rate. Therefore, the 
theoretical limit is double the heart rate. However, the question was how much 
more information is required in the presence of noise, non-sinusoidal waveforms 
and superimposed waves e.g. due to respiration and B-waves. Reducing the 
sampling rate without filtering the signal beforehand led to increased variability 
of the estimated AMP. This can be traced back to a decreased signal-to-noise 
ratio at the relevant frequency. Filtering the signal, on the other hand, reduces the 
pulsatility and, thus, damps the estimated AMP values. However, the effect 
seems to be a linear function of AMP. Therefore, it does not affect the estimated 
correlation. 
5.4.2 Posture dependence 
In the data at hand, the measured mean ICP increased when the patients sat up, 
whereas it should actually decrease [81, 88]. This is, because the pressure sensor 
is not recalibrated to the external auditory canal in upright posture. 
In contrast to mean ICP, AMP has traditionally been assumed independent of 
posture [89], which seems to be true based on Eqs. 5.2. However, with a more 
detailed model [52], it has already been shown that compliance may change 
(increase) with posture. 
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The infusion test data analyzed in this study showed a significant AMP increase 
when the patients sat up compared to resting conditions. This would imply a 
compliance decrease in upright posture; or, an increase in the pulsatile cerebral 
blood volume (Δ𝑉𝑉 ). The arterial pulse volume has been measured to increase by 
11% [3]. But, as this would only explain part of the AMP increase, the changes 
of the venous outflow characteristics [3, 88] must be considered, too. 
5.4.3 Suitability as control variable 
Calculating AMP as an estimator of CSF volume has shown that its sensitivity is 
low at resting conditions, but increases with CSF volume. This characteristic is 
similar to the mean ICP. In general, the absolute sensitivity of AMP is lower than 
of mean ICP, due to its lower absolute values, but the relative increase of AMP 
is higher than the one of mean ICP. Then again, the CSF volume increase 
suggested by the AMP increase is not as the change that would be suggested by 
the respective change in ICP. 
5.5 Conclusion 
As estimator for CSF volume, AMP has similar sensitivity properties as ICP. It 
can be estimated reliably from ICP measurements using a discrete Fourier 
transformation. However, AMP is not independent of posture, which questions 
its usefulness for the control of active CSF shunts. 
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6 Discussion 
6.1 Test bench 
The main innovation described in this thesis is a novel test bench for 
cerebrospinal fluid shunts [50, 51]. Compared to existing in vitro test setups, it 
provides unrivaled physiologic behavior of the testing environment especially 
with respect to posture, the shunt patient interaction, and CSF pulsatility. By 
providing a means of fast, cost-effective, and easy-to-use testing of active and 
passive CSF shunts within a realistic and replicable environment, the test setup 
may foster the development of a smart CSF shunt. By this it may also replace 
some of the enormous amount of testing – in animal models and in clinical trials 
– required to obtain approval with in vitro experiments. In particular, the test 
bench offers three distinct advantages compared to previously used in vitro test 
setups. 
1. Hardware-in-the-loop concept 
The test bench is based on the hardware-in-the-loop concept, which combines an 
in vitro test of the actual device with a numerical simulation of CSF dynamics. 
Previously used in vitro test setups did not take into account that not only does 
the drainage through the shunt depend on proximal and distal pressures and 
posture, but the drainage also influences CSF dynamics and with this, alters its 
own operating conditions. A crucial step in the successful application of the 
hardware-in-the-loop concept was the proper definition of the boundaries 
between hardware and simulation. Especially, keeping track of CSF volume in 
silico instead of in vitro allowed to minimize the fluid volume and weight of the 
pressure interfaces and leverage the actuator accuracy. However, this required 
measuring the drainage with high precision. The used thermal flow sensor 
provided sufficient precision even at the low flow rates seen in shunts. But, the 
measurement principle is not independent of orientation and susceptible to 
fouling. Thus, additional calibration and a rigorous cleaning regime were 
required. Due to the numerical implementation of the patient simulation, the test 
bench is very flexible. On the one hand, it enables to investigate different shunts 
for identical operating conditions. On the other hand, it can be used to investigate 
how a shunt performs in different patient groups by simply changing parameters 
of the patient simulation. 
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2. Pressure control 
The main challenges for the pressure interfaces, which apply the pressure 
environment simulated by the mathematical model to the shunt, are the extremely 
low values of ICP and IPP and their pulsatility. Mimicking these pressures 
requires very fast and precise control. To achieve the required precision, it was 
essential to minimize the friction in the actuation system by using air bearings 
and voice coils. The dynamic pressure control was achieved with a model-based 
controller. The required actuation model consisted of a physics based 3rd-order 
linear and time-invariant model and a time delay. It was identified by fitting its 
parameters to an empirical estimation of the system’s transfer function [71]. The 
controller inverts the modelled system dynamics and utilizes a Smith Predictor 
[55] to minimize the effect of the inevitable time delay. 
3. Posture mechanism 
In theory, postural changes could also have been realized in silico. However, the 
drainage characteristics of some (gravitational) anti-siphon devices is sensitive 
to orientation. Moreover, realizing the hydrostatic effects in hardware made the 
resulting changes on the pressure environment of the shunt more intuitively 
accessible. 
Limitations 
Any hardware-in-the-loop test bench can only replicate situations and 
characteristics included in the mathematical model. Thus, the changes in 
physiology seen on the test bench are limited to effects and mechanisms whose 
causality is understood and quantified. 
Although the test bench was primarily designed to investigate 
ventriculoperitoneal shunts, it is also capable of testing ventriculoatrial shunts 
with small modifications to hard- and software only. 
6.2 Modelling of CSF dynamics 
A key component that enabled the implementation of the hardware-in-the-loop 
test bench was the mathematical model of the CSF dynamics and in particular, 
the description of how CSF dynamics change with posture. The model was 
derived by combining aspects from a number of existing mathematical models. 
Before, the influence of posture in ICP was only described in equilibrium 
conditions [88]. Using the concept of local compliances to model CSF 
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dynamics [98] enabled the integration of this steady-state description into a 
dynamic model. Transforming the originally pressure-based local compliance 
model to a volume-based model, allowed to integrate traditional pressure-volume 
relationships and parameterize the model with values obtained during infusion 
tests as a matter of routine. 
As the mono-exponential pressure-volume relationship of Marmarou’s model 
[75] is not capable of describing ICP for CSF volumes substantially lower than 
resting conditions, a double-exponential function – as suggested by Drake et al. 
[33] – was adopted for the hardware-in-the-loop test bench [51]. For the 
comparison of the ASDs [49], the model was modified with a linear part to reflect 
the concept of optimal pressure [86]. In the model of the posture-related 
compliance shift [52], the mono-exponential relationship was used to keep the 
model as simple as possible. However, to increase the generality of the model, 
the presented model could be extended by one of the other two pressure-volume 
relationships without changing the conclusions drawn in Chapter 4. 
6.3 Comparison of ASD 
Comparing how CSF dynamics changed with the different types of anti-siphon 
devices provided new insights into the interaction of shunt and CSF dynamics. 
However, they are also valuable for the derivation of a control strategy for active 
CSF shunts. The conclusion of the study with respect to active shunts must be 
that maintaining physiologic drainage under postural changes is difficult with a 
differential pressure valve. While this problem could be circumvented with a 
displacement pump, using a pump has the disadvantage of a much higher energy 
consumption. 
6.4 Active CSF shunt 
6.4.1 Hardware 
Several concepts of active CSF shunts have been suggested and patented 
recently [72]. The hardware of these suggested active CSF shunts can be divided 
into three categories based on the degree to which propulsion and control of the 
drainage are performed using active elements. 
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The smallest step away from today’s passive shunts would be a programmable 
differential pressure valve with active reprogramming [39]. This concept 
allows frequent adjustment of the valves opening pressure to adapt the drainage 
to the physiologic requirements of the patient. As the major components of the 
valve remain unchanged, its advantages – but also its disadvantages – can 
directly be derived from the differential pressure valve used as a basis. As the 
drainage is still driven by the differential pressure over the valve, the drainage 
will also change with posture, unless an anti-siphon device is integrated or the 
opening pressure is reset at every change in posture. There will also be no 
changes in the fluid dynamic design of the valve. Thus, there is no potential to 
mitigate the risk of obstructions. Although, no power is needed for the propulsion 
of the drainage, it is questionable whether an implanted battery would provide 
sufficient energy for the expected readjustments of the valve over the lifetime of 
a shunt. This type of active valve would however be very failsafe, because in the 
case of a failure of the actuation or controller, the valve will still drain CSF like 
any conventional differential pressure valve, albeit with a potentially wrong 
setting. 
One step further towards active drainage is the concept of an actively switching 
valve (US 6.926.691 B2). Here, an actuator is used to open and close the valve 
independent of its pressure environment. However, the natural pressure gradient 
from the cranium to the peritoneal cavity is still utilized to drive the drainage. 
Thus, it also inherits all the associated properties. Compared to the concept of 
the actively reprogrammable valve, the energy consumption will be higher 
without providing relevant advantages. 
The most extreme concept of an active CSF shunt involves a displacement 
pump to drive drainage (US 8.992.456 B1). The direct advantage of using a 
pump compared to a valve is its independence of the shunt’s pressure 
environment. The drainage rate is directly correlated to the pump speed and no 
observation and adaptation to changes in posture and IPP are necessary. This 
means drainage rate is known even without a flow sensor and can be used for 
CSF dynamics parameter identification purposes. Furthermore, the ability to 
force CSF flow – even in cranial directions – would allow for the implementation 
of effective self-clearing mechanisms. The main drawback of a pump is its 
energy consumption. Daily charging would probably be required to allow for an 
implantable battery size. 
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However, that these issues regarding hardware implementation are solvable is 
shown e.g. by a novel ascites pump by Sequana medical [10]. This pump actually 
is very close to the ideal hardware basis for a smart CSF shunt, because it is a 
fully implantable pump capable of pumping up to 60 mL/h. The pump has 
integrated pressure, temperature, and acceleration sensors that could be used for 
control. It is charged transcutaneously through a handheld charging device. The 
measurement values can also be recorded and transferred to the treating 
physician through the charging device and a mobile data connection. 
6.4.2 Control 
Modelling the posture-related compliance shift (Chapter 4) has shown that while 
ICP, CSF flows and cranial compliance change with posture, overall CSF volume 
is almost the only unaffected variable. Therefore, physiologic CSF drainage can 
only be achieved by regulating CSF volume. However, as CSF volume is not 
measurable with any implantable sensor available today, the controller of an 
active CSF shunt must rely on a surrogate measurement. In Chapter 5, the 
potential of the pulse pressure amplitude (AMP) has been investigated as such 
an indicator for CSF volume. However, while AMP should theoretically be 
independent of posture, it has shown that it is not in reality. 
Another theoretically posture-independent variable would be the waveform of 
the ICP pulsations. The ICP waveform has three characteristic peaks, termed P1, 
P2, and P3 and an increase of the P2 compared to P1 has been related to a 
decreased intracranial compliance. This has previously been investigated as 
control variable for active CSF shunts, but did not prove successful in vivo [39]. 
However, in this study, the shunt might have been operated below optimal 
pressure, where the pressure-volume relationship is linear. This would explain 
why no correlation between AMP and CSF volume was observed. In addition, it 
will be difficult to robustly identify the three peaks of the pulse waveform from 
an implanted sensor with limited capabilities. 
These two unsuccessful attempts to find a posture-independent control variable, 
might make ICP a viable option again. Like AMP and the pulse waveform, ICP 
is not independent of posture. But, the correlation between ICP and posture is at 
least known [88] and can be compensated by measuring upper body or head 
orientation. Another problem of using an absolute pressure measurement for the 
physiologic adaptation is the inevitable drift of pressure sensors. However, this 
drift might be compensated by comparing characteristic changes of the measured 
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ICP signal to the nominal set values. For example, the difference between ICP in 
horizontal and upright posture can be determined from a histogram of the ICP 
signal and it should not change over time. However, even though sensor drift 
might be compensated, the measured pressure will still change with ambient 
pressure, i.e. altitude and weather. 
6.4.3 Risks and benefits 
Moving from controlling drainage through a CSF shunt with a passive 
differential pressure valve to an actively adapting valve or even a pump provides 
the chance to improve on the major flaws of current shunt designs. By having 
feedback-controlled drainage, an active CSF shunt should provide physiologic 
drainage independent of posture and thus avoid any overdrainage-related 
problems. By incorporating continuous monitoring of the patient’s CSF 
dynamics properties, drainage control could be automatically adapted to changes 
in the pathophysiology and consultations due to over- or underdrainage related 
symptoms could be reduced. And even when a revision or readjustment of the 
shunt becomes necessary, the physician can decide on the required changes based 
on continuous monitoring instead some momentary situation. Therefore, not only 
can the patient benefit from an optimized and personalized treatment, but a smart 
shunt may also reduce the expenses caused by the frequent revisions of current 
CSF shunts. And here, the potential for cost reductions is not marginal as the 
average revision costs exceed the device costs by ten times [80]. 
However, these probably cost reductions will be offset by significantly higher 
initial costs for the actual device. Thus, one will have to proof that the overall 
treatment costs are at least not increasing with the use of an active device. And, 
even if the cost-effectiveness of a smart CSF shunt would be proven, the shunt 
market is a small market that does not allow for huge expenses for the 
development and approval of a completely new implant. Also, patents have been 
filed for all three possible functional principles of active shunts and different 
control strategies (US 6.926.691 B2, US 8.992.456 B1, US 2003/032915 A1, US 
2008/0097277 A1, EP 2700354 A1). This can make it difficult for a new, 
innovative company to get access to the market. 
Moreover, the increased complexity of a smart CSF shunt will generate new 
modes of failure and it remains uncertain whether revision rates will actually 
decrease. Another unsolved problem is the MRI compatibility of such an active 
device. MRI compatibility is required for any active CSF shunt, because MRI is 
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one of the major diagnostic tools in the management of NPH patients. However, 
the problem might be circumvented by implantation in the peritoneal region. 
Despite these potential risks, the technical feasibility of a fully implanted pump 
with transcutaneous charging has already been shown by Sequana’s ascites pump 
[10]. With an appropriate control algorithms, such a pump would be well suited 
to replace today’s passive shunts, while avoiding their problems with 
overdrainage and obstructions. 
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7 Conclusion & Outlook 
Hardware-in-the-loop testing has provided valuable insights into the shunt-
patient interaction. It can also facilitate the development of a better CSF shunt 
by providing the opportunity to test hardware and control concepts and ideas at 
minimum cost and effort. Investigating the characteristics of today’s passive CSF 
shunts and modelling the effect of posture on CSF dynamics has let me to the 
conclusion that using a transcutaneously chargeable displacement pump is the 
most promising hardware platform for an active CSF shunt. However, whether 
we are going to see a smart CSF shunt in clinical practice will mainly depend on 
its economic viability. One must prove that physiologic adaptation and an 
obstruction-resistant design significantly reduces revision rates and that this 
offsets the higher price of an active shunt. 
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